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ABSTRACT: This work focuses principally on the influ-
ence of time, temperature, and contact with food simulants
in adhesion of amorphous hydrogenated carbon (a-C:H)
films obtained by the plasma enhanced chemical vapor
deposition process in recycled PET from packaging. Shelf
life of packaging used in soft drinks, fruit juice, etc. is
known to be � 6 months, with possible variations. The a-
C:H film, used in this study as a functional barrier against
possible contaminants in recycled PET, was analyzed to
determine possible alterations in its physical and chemical
properties. The film underwent an accelerated aging test

and was exposed to contact with food simulants listed by
the FDA. In this case, adhesion is one of the properties
most in need of conservation. This property was analyzed
by means of the tape test and scanning electronic micros-
copy. Superficial chemical alterations resulting from both
the accelerated aging test and contact with liquids were
examined by the contact angle. VVC 2008 Wiley Periodicals, Inc.
J Appl Polym Sci 111: 281–290, 2009
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INTRODUCTION

One of the alternatives to using packaging made
from recycled polymer is employing a protective vir-
gin resin layer, which is not necessarily of the same
material as the packaging. However, it should con-
stitute a barrier sufficient to reduce possible contam-
inants, present in the recycled polymer, to quantities
innocuous to human health, or incapable of altering
organoleptic characteristics of foodstuffs. These
layers make up functional barriers preventing direct
contact between recycled polymer and foodstuff.
Therefore, they must meet hygiene standards.1

In general, when considering the effectiveness of
functional barriers in preventing or reducing con-
taminant migration, reference is made to models
stipulated by the Food and Drug Administration
(FDA).2 Piringer et al.,3 for example, examined the
migration process in multilayered PET packaging
produced by the coextrusion process, in which the

intermediate layer was PET contaminated by toluene
and chlorobenzene. The amount of migration into
food simulants (water, 3% acetic acid, and isooctane)
was measured at temperatures up to 60�C. The layer
of virgin material was found to have been partially
contaminated during processing owing to the high
temperature used. Besides film effectiveness in pre-
venting contamination, a crucial property to be con-
sidered is adhesion between polymer and the
functional barrier, a reduction of which could dam-
age the packaging and its shelf life. In spite of sev-
eral studies4–6 on adhesion between thin films and
polymer samples, few of them have evaluated the
effect of time, temperature, and contact with food
simulants.
Amorphous hydrogenated carbon (a-C:H) has

been widely used as protective coating in the variety
materials in a lot of applications.7 The films are usu-
ally applied by plasma enhanced chemical vapor
deposition (PECVD). However, bulges and cracks
may appear in the films as a consequence of the
high internal stress of these materials. As flow for-
mation benefits from poor adhesion, process leading
to the strong adhesion of the barrier coating onto the
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plastic packages surface is a major concern. Fortu-
nately, increases in the adhesion of a film onto a
substrate can be improved by previous treatments of
the substrate.8,9 In a polymer surface, the main mod-
ifications produced by plasma treatment are etching
and addition of new functional groups, as verified
by Cruz et al.10

This article aims at determining the influence of
time, temperature, and food-simulant contact in ad-
hesion between a-C:H thin film and polymer surfa-
ces. Adhesion of prime importance if a-C:H-coated
recycled PET is to be used for foodstuff packaging.
Therefore, we treated PET packaging with oxygen
plasma prior to depositing film. Adhesion modifica-
tions were evaluated by the tape test method and by
scanning electronic microscopy (SEM). Resulting
chemical alterations produced by both the acceler-
ated aging test and exposure to food simulants were
characterized by contact angle measurements.

EXPERIMENTAL

Materials

Packagings made from recycled PET were used for
plasma modification and films deposition. The
recycled PET was previously treated by solid state
polymerization (SSP) to increase the molar mass and
to make it suitable for the confection of packagings
by the blow molding process. Details of the SSP and
the blow molding process can be found in another
publication.11 The PET packagings were cut into
� 25 cm2. Prior to surface modification experiments,
the samples were cleaned with acetone, isopropyl
alcohol, and water to remove the organic contamina-
tion and dried in a nitrogen flow.

Argon (99.999%), oxygen (99.8%), and acetylene
(99.8%) supplied by White-Martins S/A, of Brazil,

were used to plasma surface modification and the
film deposition.
The food simulants acetic acid (3%) and ethanol

(10%) were used according to FDA specifications.12

Methods

Plasma treatment and deposition apparatus

The equipment system used was essentially that
describe previously.10 In a few words, plasma treat-
ment and film deposition were carried out in a
stainless steel vacuum chamber schematically repre-
sented in Figure 1. A glow discharge plasma was
generated in the chamber between two water-cooled
parallel plate electrodes and was pumped by a 150
m3/h Roots pump, backed by a rotary vane pump.
The upper electrode was connected to an RF genera-
tor (40 MHz) through an impedance matching net-
work and a through line wattmeter. The gases used
(Ar, O2, and acetylene) were introduced in the
chamber using precision electronic mass flow meters
(Datametrics 1500).

Oxygen plasma treatment and a-C:H film deposition

An oxygen mass flow rate of 49 sccm (FO2 ¼ 49
sccm) (exposure times of 1.0, 2.5, 5.0, and 10.0 min)
was used for oxygen plasma treatment. An acetylene
and argon mass flow rate of 10 and 70 sccm (FC2H2

¼ 10 sccm and FAr ¼ 70 sccm), respectively, for 5
min was used for film deposition.

Accelerated thermal aging

To determine the period in which properties of de-
posited films would be retained, an accelerated
aging test based on UL 746 B norm was carried
out.13 Table I presents temperature and exposure
time in hours of samples used.
The accelerated aging test used ovens to expose

the samples to higher temperatures and for shorter
periods than would be experienced in actual use.
The time was extrapolated to 9 months and 25�C, as
shown in Figure 2. The results were evaluated by
a-C:H film adhesion time.

Immersion in liquid food simulants

The a-C:H film deposited in PET packaging, both
with and without previous oxygen plasma

Figure 1 Schematic representation of PECVD system.

TABLE I
Time and Temperature in the Accelerated Aging Test

Oven 1 Oven 2 Oven 3

Time (h) 1000 450 168
Temperature (�C) 45 55 65
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treatment, was immersed in the liquid food simu-
lants acetic acid (3%) and ethanol (10%). The acceler-
ated aging test followed.

Contact angle

Contact angle measurements were carried out using
a distilled water drop. An optical microscope
(Micronal Olympus G10X) attached a video camera
(Sony Hyper Had DXC-151 A) was used. The images
obtained were captured and analyzed by the Image
Pro Plus III software. Each contact angle was mea-
sured in triplicate, i.e., using three different samples.
Table II shows frequency of contact angle measure-
ments made in samples submitted to the accelerated
aging test. Contact angle measurements were made
to verify possible chemical superficial alterations
that could occur when the samples were submitted
to accelerated aging test and put in contact with liq-
uid food simulants.

Scanning electronic microscopy

To identify points at which a-C:H film lost adhesion,
it used a Stereoscan 440 SEM microscope (Leica)
equipped with SE detector, working height varying
between 20 and 25 mm and a 30� incidence angle.
Table III shows exposure conditions and analysis
frequency of samples.

Tape test measurements

The tape test measurements of the a-C:H films onto
the PET surface were carried out according to the
ASTM D 3359-90 norm. The test consisted in apply-
ing a 3M-810 adhesive tape on the film surface and
removing it with a quick pull, after which the film
removal was visually verified.

RESULTS AND DISCUSSION

Contact angle measurement

Figure 3 shows the contact angle measurements to
a-C:H films deposited with FC2H2 ¼ 10 sccm and FAr

¼ 70 sccm during 5.0 min onto PET. The PET was
previously submitted to oxygen plasma treatment
(FO2 ¼ 49 sccm) during 0, 1.0, 2.5, 5.0, and 10.0 min.
The results presented indicate contact angle decrease

as a function of increased time of oxygen plasma treat-
ment. This reduction, although less pronounced than
that found for treated samples not coated with a-C:H
film, as revealed in a previous work,10 shows that oxy-
gen plasma treatment prior to depositing promotes a
polarity increase in a-C:H film. In spite of this treatment
being carried out only in PET substrate, which should
not alter film properties, generation of many reactive
species containing oxygen that remained in the oven,

TABLE II
Contact Angle Measurements Frequency for the Samples

Submitted to the Accelerated Aging Test

Contact-angle measurement
frequency (h)

Oven 1 (1000 h/45�C) 0 336 672 1000
Oven 2 (480 h/55�C) 0 240 480 –
Oven 3 (168 h/65�C) 0 168 – –

TABLE III
Conditions and Frequency of SEM

Measurements of Samples

Contact-angle measurement
frequency (h)

Oven 1 (1000 h/45�C) 0 672 1000
Oven 2 (480 h/55�C) 0 480 –
Oven 3 (168 h/65�C) 0 168 –

Figure 2 Time as a function of temperature in the accel-
erated aging test.

Figure 3 Contact angle measurements of a-C:H films as a
function of oxygen plasma treatment time.
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even after treatment termination, may have occurred.
As this is immediately followed by film deposition, a
new combination would happen between these species
and those generated by acetylene/argon plasma
according to the reaction14:

The result is oxygen incorporation in the film sur-
face through the formation of carbonyl and hydroxyl
groups. This was proven by gradual contact angle
decrease with time of exposure to oxygen plasma,
i.e., the greater the exposure time, the more the oxy-
gen species generated, which favors recombination
on the film. Some results show almost the same stat-
istically significance, as can be observed from sam-
ples treated at time of 0, 1, and 2 min. In spite, of
this behavior, all results suggest a decreasing of the
contact angle.

Tables IV and V show the contact angle of sam-
ples submitted to accelerated aging in the liquid
food simulants ethanol (10%) and acetic acid (3%).
In every instance, increase in exposure time to oxy-
gen plasma brought about contact angle decrease, as
shown in Table IV.
The results showed that at both 45 and 55�C all sam-

ples showed a tendency to contact angle reduction over
time (672–1000 h, 240–480 h). This is explained by the
commonly observed presence of long-lived free radicals
in plasma processes, which has been observed in
plasma polymer 15 months following exposure to air,
as reported by Yasuda.14 Because the samples remained
in contact in a strongly water-based liquid (10% etha-
nol), hydroxyl groups could have been incorporated by
the following reaction:

Hydroxyl group incorporation would promote a
contact angle reduction because of polarity increase
in the a-C:H film. Table V presents the contact
angle results for samples submitted to the acceler-
ated aging test in acetic acid (3%) liquid simulant.

TABLE IV
Contact Angle (Standard Deviation-SD) for a-C:H Deposited on PET Samples as a

Function of Exposure Time to Oxygen Plasma

Treatment
time (min)

Contact angle (�SD)

10% Ethanol

45�C/672 h 45�C/1000 h 55�C/240 h 55�C/480 h 65�C/168 h

0 134.5 � 1.9 133.2 � 2.3 128.5 � 2.7 126.8 � 1.5 129.5 � 2.4
1.0 129.2 � 4.1 128.0 � 3.9 126.3 � 5.1 123.5 � 2.6 128.1 � 0.8
2.5 127.2 � 2.3 126.8 � 3.1 125.5 � 1.4 120.3 � 3.4 126.0 � 3.4
5.0 123.7 � 2.7 124.7 � 2.7 125.1 � 2.6 121.0 � 3.0 122.0 � 1.4

10.0 118.0 � 1.7 116.3 � 3.6 112.3 � 3.7 115.0 � 2.9 120.0 � 2.4

Samples submitted to accelerated aging test and immersed in ethanol (10%).

TABLE V
Contact Angle (Standard Deviation-SD) for a-C:H Film Deposited on PET Samples

as a Function of Treatment Time with Oxygen Plasma

Treatment
time (min)

Contact angle (�SD)

3% Acetic acid

45�C/672 h 45�C/1000 h 55�C/240 h 55�C/480 h 65�C/168 h

0 133.8 � 2.5 129.3 � 1.2 129.3 � 2.1 127.8 � 2.2 131.8 � 1.8
1.0 131.2 � 2.6 128.3 � 2.5 126.5 � 2.4 125.2 � 3.9 130.1 � 1.3
2.5 127.5 � 1.9 126.0 � 2.7 126.0 � 1.1 124.0 � 2.7 125.8 � 2.6
5.0 126.2 � 1.5 126.3 � 1.7 122.0 � 0.9 119.7 � 2.6 123.1 � 1.5

10.0 125.0 � 1.5 122.7 � 1.2 119.5 � 3.2 121.7 � 1.6 122.7 � 1.6

Samples submitted to the accelerated aging test and immersed in 3% acetic acid.
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The results obtained for samples immersed in 3%
acetic acid agree with those found for those
immersed in 10% ethanol. A contact angle reduction
was again observed with increased exposure time to
oxygen plasma. This result, which corroborates those
shown in Table IV, demonstrates that the greater the
exposure time to liquid simulant, the greater the
film polarity. In other words, in comparing the con-
tact angle of samples exposed at 45�C for 672 h with
that of those exposed at the same temperature for
1000 h, a contact angle reduction occurs regardless
of prior oxygen plasma treatment. The same behav-
ior was observed for samples tested at 55�C for both
240 and 480 h. Again, despite some results are not
present statically significance, an evident behavior is
established.

With either 10% ethanol or 3% acetic acid, no cor-
relation was detected between temperature and con-
tact angle.

Scanning electronic microscopy

Adhesion loss between a-C:H film and PET substrate
was analyzed by SEM through visual comparison.
Five levels were used to classify samples according
to adhesion loss (Fig. 4).
Table VI presents SEM results of the accelerated

aging test for a-C:H films deposited on PET.
For a period of 288 h/45�C, no adhesion loss was

detected in 120-nm-thick films (level 1). Thereafter,
adhesion loss ‘‘bubbles’’ occurred on film surfaces.
Following this period, increases occurred in adhe-
sion loss points culminating in branched structures
appearing with increased frequency by test’s end
(1000 h), as shown in Figure 5. However, this struc-
ture appears in small amount being classified, as
shown in Table VI at level 2.
Similar behavior occurred with 170-nm-thick films,

except that the branched structures were less

Figure 4 SEM micrographs representing five levels of adhesion loss: (a) level 1, no adhesion loss; (b) level 2, sample
with few adhesion-loss points; (c) level 3, samples with few lines of adhesion loss; (d) level 4, samples with loss of adhe-
sion points; and (e) level 5, sample with adhesion loss lines.
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frequent. On the other hand, beginning at 624 h,
these films developed lines indicating adhesion loss
(level 3). Because thicker film has a greater adhesion
loss tendency, this behavior was expected.

Analysis detected no adhesion-loss points in 120-
nm-thick deposited film after a 96-h period at 55�C
(level 1). Thereafter, adhesion reduction occurs, as
demonstrated by adhesion-loss points in 120-nm-
thick samples (level 2), and some loss lines in 170-
nm-thick samples (level 3). In spite of temperature
increase from 45 to 55�C, no branched structures
from adhesion loss appeared. As already described,
thicker film presented higher residual tension, i.e.,
less adhesion than thinner film. This explains the
greater tendency to adhesion loss that 170-nm-thick
film presents at this temperature.

As shown by the micrographs, samples submitted
to 65�C for 168 h presented virtually no adhesion
loss (level 1) in spite of the relatively high tempera-
ture. Accelerated aging test results are determined
by two factors: time and temperature. Increase in
temperature promotes acceleration in either the pro-
cess or the property being studied. The results
obtained indicate that the determining factor in ad-
hesion loss in the samples studied was time rather
than temperature. This is seen by comparing 120

and 170 nm samples submitted for 1000 h to 45�C
with those submitted for 168 h to 65�C.
These results indicate the need to increase adhe-

sion between the a-C:H film and the PET substrate.
With the exception of samples submitted for 168 h
at 65�C, the other samples, regardless of thickness,
showed adhesion loss that excluding them from use
as barrier layers in recycled-material packaging. It
should be remembered that the samples used were
not immersed in food simulants, which would
increase adhesion loss.
Therefore, a-C:H film adhesion on PET samples,

previously treated with oxygen plasma and submit-
ted to the accelerated aging test, was analyzed by
SEM. These samples had been immersed in two liq-
uid food simulants specified by the FDA12: 10%
ethanol and 3% acetic acid.
Adhesion analysis was evaluated for 120-nm-thick

a-C:H film on PET substrate previously treated with
oxygen plasma (FO2 ¼ 49 sccm) for 0, 1.0, 2.5, 5.0,
and 10.0 min. Samples were submitted to the accel-
erated aging test; contact with liquid food simulants
was periodically analyzed by SEM. The results
according to adhesion loss level are presented in
Tables VII and VIII.
The results presented in Table VII show that

untreated samples and those treated for 1.0 min
with oxygen plasma showed levels 3 and 4 of adhe-
sion loss. In contrast, for equal periods and those
exceeding 2.5 min no adhesion-loss points were
observed (level 1). For samples not treated with oxy-
gen plasma and exposed to 45�C, an adhesion reduc-
tion accompanied time increase, as seen by an

Figure 5 Micrograph of a-C:H film (thickness: 120 nm)
following 1000 h at 45�C.

TABLE VII
Adhesion Level Results by SEM for 120-nm-thick
a-C:H Film as a Function of Treatment Time with

Oxygen Plasma

Treatment
time (min)

45�C 55�C 65�C

627 h 1000 h 480 h 168 h

0 Level 3 Level 4 Level 3 Level 4
1.0 Level 2 – Level 3 Level 4
2.5 Level 1 – Level 1 Level 1
5.0 Level 1 Level 1 Level 1 Level 1

10.0 Level 1 Level 1 Level 1 Level 1

Samples immersed in 10% ethanol and submitted to
accelerated aging test.

TABLE VI
SEM Results Classified by Adhesion Level for a-C:H Film (Thickness: 120 and 170 nm) after Accelerated Aging

Temperature 45�C 55�C 65�C

Exposure time (h) 0 288 625 1000 96 480 168

120 nm Level 1 Level 1 Level 2 Level 2 Level 1 Level 2 Level 1
170 nm Level 1 Level 1 Level 3 Level 3 Level 1 Level 3 Level 1
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increase in adhesion loss from level 3 at 627 h to
level 4 at 1000 h.

For untreated samples and those treated at 65�C
for 1.0 min with oxygen plasma, adhesion loss lines

occurred. These were not observed with treatment
times above 1.0 min.
Of the three experimental conditions analyzed, the

samples submitted to the third (65�C/168 h) showed
the greater influence of temperature with respect to
adhesion. This result contradicts those presented
previously, in which time was the most significant
influence. The explanation could be the proximity of
the test temperature (65�C) to that of PET glass tran-
sition temperature (Tg) PET (67�C), coupled with a
variation, though slight, in the oven temperature
during the test, which would have resulted in move-
ment of the polymeric chains in the amorphous
phase. Thus, film with loss adhesion would easily
detach from the PET substrate. Furthermore, biorien-
tation causes stretching, inducing axial and trans-
verse orientation. Material so affected usually
presents low thermal resistance. However, no altera-
tions, e.g., warping or deformations, were detected

TABLE VIII
Adhesion Loss Levels Obtained by SEM for

120-nm-thick a-C:H Film as a Function of Oxygen
Plasma Treatment Times

Treatment
time (min)

45�C 55�C 65�C

1000 h 480 h 168 h

0 Level 4 Level 3 Level 4
5.0 Level 1 Level 1 Level 1

10.0 Level 1 Level 1 Level 1

Samples immersed in 3% acetic acid and tested in the
accelerated aging test.

Figure 6 Adhesion test for untreated a-C:H film deposited on PET (a) and film previously treated with oxygen plasma
for (b) 1.0 min, (c) 2.5 min, (d) 5.0 min, and (e) 10.0 min. Samples immersed in 10% ethanol and submitted for 1000 h at
45�C. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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macroscopically, although chain movement produc-
ing adhesion loss in the film might have occurred
microscopically. It should be pointed out that adhe-
sion loss lines were observed throughout the
samples.

Analysis of the SEM micrographs showed adhe-
sion loss (level 4) points in samples untreated with
oxygen plasma and submitted for 1000 h to 45�C.
With oxygen plasma treatment these points
decreased. Similar behavior happened with samples
submitted to 55�C/480 h and 65�C/168 h. Film shifts
occurring as lines, clearly visible and spread
throughout some samples, are most likely explained
by increased oven temperature approximating that
of Tg. Again, after 5 min of oxygen plasma treat-
ment, reduction of adhesion loss occurred.

Comparing dry samples tested with samples
immersed in liquid food simulants (3% acetic acid

and 10% ethanol) showed that immersed a-C:H film
presented a greater tendency toward detachment
from the PET substrate. This shows the importance
of testing adhesion with samples exposed to food
simulants.

Tape test measurements

Figures 6–8 present adhesion analyses by adhesive
tape for a-C:H film deposited on PET previously
treated with oxygen plasma for 0, 1.0, 2.5, 5.0, and
10.0 min. The samples were immersed in 10% etha-
nol and submitted to the accelerated aging test. All
analyses were done in duplicated.
Figures 6–8 show that previous treatment with

oxygen plasma promotes a substantial increase in
amorphous carbon film adhesion. For samples sub-
mitted for 1000 h to 45�C and for 450 h to 55�C,

Figure 7 Adhesion test for untreated a-C:H film deposited on PET (a) and film previously treated with oxygen plasma
for (b) 1.0 min, (c) 2.5 min, (d) 5.0 min, and (e) 10.0 min. Samples immersed in 10% ethanol and submitted for 450 h at
45�C. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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increased adhesion was observed after 2.5 min as no
loss occurred. However, when the samples were
exposed for 168 h to 65�C adhesion loss was noted
after 2.5 min.

Similar SEM adhesion analysis results were found
for the same samples. On the other hand, for the sam-
ples without oxygen plasma treatment and submitted
for 1000 h to 45�C, numerous adhesion loss points
were observed. Oxygen plasma treatment promoted
increased adhesion, as demonstrated by unaltered ad-
hesion from 5 min on. After 2.5 min, samples tested
at 55 and 65�C showed no adhesion loss. Although
SEM analyses on these samples were not carried out
for 2.5 min treatments, at 55 and 65�C, from 2.5 min
on, no adhesion loss was observed.

Adhesion analysis results, whether by SEM or ad-
hesive tape, show that from 5.0 min on, under all
time/temperature testing conditions, no adhesion

loss occurred in a-C:H film on PET substrate. Fur-
thermore, the close correlation between results indi-
cates that the adhesive tape test, although an
extremely simple technique, is suitable for mea-
suring mechanical stability in fine films.

CONCLUSIONS

SEM, as well as adhesive tape, proved suitable tools
for testing adhesion between a-C:H film and PET
samples. Samples that were not treated by oxygen
plasma presented relatively low adhesion when sub-
mitted to the accelerated aging test as both those of �
120 and of 170 nm in thickness showed adhesion loss
points from 360 h on at 45�C. In lesser time periods,
even at higher temperatures few adhesion loss points
occurred. The accelerated aging test, carried out with
samples immersed in FDA-specified liquid food

Figure 8 Adhesion test for untreated a-C:H film deposited on PET (a) and film previously treated with oxygen plasma
for (b) 1.0 min, (c) 2.5 min, (d) 5.0 min, and (e) 10.0 min. Samples immersed in 10% ethanol and submitted for 168 h at
65�C. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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simulants, showed that those untreated with oxygen
plasma presented several adhesion loss points. For
treated samples, however, from 5.0 min on, adhesion
increased significantly, insofar as no loss was noted.

Contact angle analyses showed that increased time
of oxygen plasma treatment promotes increased po-
larity in a-C:H film. These analyses also indicate that
immersion in liquid together with increase in exposi-
tion time results in a tendency toward increasing
polarity by incorporating oxygen atoms into film
surfaces.

Finally, both the SEM and adhesive tape results
demonstrate that oxygen plasma treatment promotes
film adhesion increase in polymer film. They also
indicate the importance of analysis following film
contact with liquid food simulants, which generates
the greatest tendency toward adhesion loss. Oxygen
plasma treatment for 5.0 min proved extremely effec-
tive because within this period under all conditions
analyzed, no adhesion loss was detected. Polarity
increase in film immersed in liquid food simulants
shows reaction throughout the period of contact,
which increases incorporation of oxygen-based spe-
cies, as verified by the contact angle measurements.

References
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