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ABSTRACT: The effect of heat treatment on the gas bar-
rier of the polymer-coated board further coated with an
Al O3 layer by atomic layer deposition (ALD) was studied.
Heat treatment below the melting point of the polymer fol-
lowed by quenching at room temperature was used for
the polylactide-coated board [B(PLA)], while over-the-
melting-point treatment was utilized for the low-density
polyethylene-coated board [B(PE)] followed by quenching
at room temperature or in liquid nitrogen. Heat treatment
of B(PLA) and B(PE) followed by quenching at room tem-
perature improved the water vapor barrier. However,
because of the changes in the polymer morphology,

quenching of B(PE) with liquid nitrogen impaired the
same barrier. No improvement in oxygen barrier was
observed explained by, e.g., the spherulitic structure of
PLA and the discontinuities and possible short-chain
amorphous material around the spherulites forming pas-
sages for oxygen molecules. This work emphasizes the im-
portance of a homogeneous surface prior to the ALD
growth Al,Oz barrier layer. © 2011 Wiley Periodicals, Inc. J
Appl Polym Sci 122: 2221-2227, 2011
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INTRODUCTION

The trend today is to develop sustainable and light-
weight packaging materials, which are not interfer-
ing with the energy and material recovery schemes
set for the packaging waste. Traditional packaging
materials typically consist of layers of oil-based
polymers and aluminum foil, which are difficult to
sort out and recycle efficiently. Simultaneously, there
is an increasing interest to develop new kinds of
renewable solutions, and this opens up new applica-
tion areas for fiber-based materials and biopolymers.
Polylactide (PLA) is a biopolymer that can be syn-
thesized from renewable resources, and is thus,
environmentally and economically appropriate.’
Properties such as biodegradability and good me-
chanical strength make PLA interesting raw-material
for many recyclable products. In addition, PLA is an
attractive material option for the traditional applica-
tions where common thermoplastics, such as low-
density polyethylene (LDPE) are employed. Like
many other biopolymers, PLA looses barrier proper-
ties in high humidity conditions because of absorp-
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tion of water and swelling of the polymer. Previ-
ously thin SiO, coatings have been employed to
improve the barrier properties of these sensitive
materials.> Various kinds of thin inorganic coatings
are often utilized to create high performance materi-
als, e.g., food packages.

Atomic layer deposition (ALD) technique is a sur-
face controlled layer-by-layer thin film deposition
process based on self-terminating gas-solid reactions.
It allows preparation of dense and pinhole-free inor-
ganic films that are uniform in thickness.* In our
previous work thin AlL,O; and SiO, coatings have
been successfully deposited by the ALD technique at
low temperatures on various polymer-coated papers,
boards, and plain polymer films.>” The work dem-
onstrated that ALD is a feasible deposition technique
when making extremely thin (25 nm) barrier coat-
ings from Al,O3; onto such temperature-sensitive
fiber-based materials.® Despite the promising results,
improvement in barrier performance toward gases is
needed to create barrier coatings suitable for
demanding packaging purposes. One route toward
improved barrier performance is to pretreat the sub-
strate before the inorganic ALD coatings. In our ear-
lier studies,” corona pretreatment slightly enhanced
the oxygen barrier performance of thin Al,O; layers
on LDPE-coated board.
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The effects of heat treatment on polyolefin-coated
papers and PLA-coated boards have also been stud-
ied.®'% Barrier properties of polymers are affected
by the chemical structure, morphology, and surface
properties."’ In addition, the process used for form-
ing the polymer influences the barrier properties.
This is due to the redistributed crystalline and amor-
phous regions and the overall change in free volume
of the polymer when the film is formed. To get good
adhesion the polymer has to be applied at high melt
temperatures followed by rapid quenching to avoid
adhesion to the chill roll of the process equipment.
This leads to a polymer layer with low density as
molecules do not have time to pack efficiently. In
extrusion coating, polymer crystallinity has been
found to be inversely related to the difference
between the melt temperature and the quenching
temperature'? leading sometimes to formation of a
totally amorphous structure. This is the case with
PLA coatings.*'® Diffusion of gas permeants occurs
through the amorphous regions, whereas crystalline
regions are more or less impermeable. Water vapor
transmission rate (WVTR) of PLA decreases with
increasing crystallinity.'> This may be due to the fact
that restricted amorphous regions have higher resist-
ance to water vapor permeation compared with the
free amorphous regions. Based on recent studies”'’
concerning PLA, the improved water vapor barrier
after treatment at 130°C was due to the increase in
crystallinity and the growth of spherulites.

Crystallization and formation of spherulites in
polyethylenes have been studied elsewhere.'*'> In
the work by Scheirs et al.'” the thermal oxidation
during isothermal crystallization at 123°C decreased
the size of the spherulites similarly to fast quench-
ing. Short-chain material is usually deposited at the
boundaries of the spherulites and edges of lamellae
creating brittle areas. The over-melting-point heat
treatment has also been shown to improve the bar-
rier properties of polyethylene-coated paper.>'® This
was explained by increased level of crystallinity and
spherulite size after quenching at room temperature.
A dramatic improvement was observed in oxygen
transmission rate after 5 min treatment at 210°C,
while water vapor barrier was slightly impaired.
Increased oxidation was accounted to be the reason
for the increased water vapor permeation. The mo-
bility of polymer chain is restricted in the crystalline
region and also between such regions.'®

The aim of this work was to study the effects of a
heat treatment on the oxygen and water vapor bar-
rier performance of polymer-coated boards addition-
ally coated with a thin Al,Oj layer by the ALD tech-
nique. Our hypothesis was that an improvement
achieved with such a heat treatment in an originally
poor barrier property plays little role if the proper-
ties of the Al,O3 layer grown by the ALD technique
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dominates. Indirectly the heat treatment could have
significant effects on the surface chemistry and
topography, and diffusion of ALD precursors into
and out of the polymer.

EXPERIMENTAL

Commercial paperboards coated with synthetic
LDPE (B(PE): board 210 g/m? polymer coating 15
g/m?) and the same base board coated with bio-
based PLA (B(PLA); coating 27 g/ m?) were used as
substrates for the Al,O3 depositions by ALD. Before
the depositions the substrates were heat-treated in a
convection oven. The test conditions were chosen
based on the previous works.® ' For B(PE) the tem-
perature of the oven was 170°C or 200°C, and 130°C
for B(PLA). For B(PE) the heat-treatment lasted for
5 min after which the samples were quenched at
room temperature (23°C) or dipped into liquid nitro-
gen. With B(PLA) the treatment lasted for 4, 9, or 16
min followed by quenching at room temperature.
The times used for inserting and removing the sam-
ples into and from the oven were approximately
constant throughout the test series.

Plain and heat-treated substrates were coated with
Al,O3 by ALD technique at 80°C using a commercial
SUNALE™ R-series ALD reactor manufactured by
Picosun Oy. The targeted coating thickness was 25
nm. The ALD procedure for the Al,O; depositions
has been reported elsewhere.”” The precursors used
for the Al,O; depositions were trimethylaluminum
(TMA; SAFC Hitech, electronic grade purity) and
water. High purity N, was used as a carrier and
purge gas. The precursor pulses lasted 0.1 s and the
purges 5 s. The resultant film growth rates and film
thicknesses on the polymer-coated boards could not
be directly measured. Instead, the coating thickness
was produced according to the reactor process pa-
rameters and compared with the thickness of Al,O;
on a silicon wafer analyzed with a Nanospec
AFT4150 reflectometer. Because of the different
polarities and functional groups the growth rates on
the polymer-coated boards may deviate from that
determined with the silicon wafer.'”'8

Contact angle and surface energy measurements
were performed both for plain and heat-treated sub-
strates to detect possible chemical changes caused
by the heat-treatment. The measurements were
made with KSV CAM 200 Optical Contact Angle
Meter in a controlled atmosphere (RH 50%, tempera-
ture 23°C) and were expressed as ° for contact angle
and mN/m for surface energy. The probe liquids
used were H,O and di-iodomethane (CH,l,). Results
are given as an average of three to eight parallel
measurements. The surface energy values, including
dispersive and polar components, were calculated
from the contact angle data using the OWRK (ext.



HEAT TREATMENT ON GAS BARRIER BY ALD ON POLYMER-COATED BOARD 2223

Fowles) theory. Contact angle values were measured
at the time of 1 s from the moment the drop contacts
the surface.

Atomic force microscopy (AFM tapping mode;
Park Systems XE-100 with 905-ACTA cantilever) was
used to study the surface topography and morphol-
ogy of plain and heat-treated substrates to detect
changes caused by the heat-treatment. From each
sample three parallel sample areas of 5 x 5 um and
0.5 x 0.5 pm were analyzed. In addition the values
of average roughness (R,) and root mean square
roughness (R,) were calculated from the larger area
images. Both topography and phase images were
taken. The phase lag is partially a function of the
viscoelastic properties of the sample surface."

Wide-angle x-ray scattering (WAXS) was meas-
ured from the samples in perpendicular transmis-
sion geometry to observe the morphological changes
caused by the heat-treatment. The radiation was pro-
duced with a rotating anode X-ray generator using
Cu Ko radiation (A = 1.541 A) monochromatized
with a Si(111) crystal and a totally reflecting mirror.
An image plate detector (MARB345, Marresearch)
was used to detect the scattered radiation in perpen-
dicular transmission geometry. Additionally, the air
scattering with an empty sample holder and the
“dark current” without beam were measured. These,
as well as corrections due to the measurement geom-
etry, measurement time, and absorption were con-
sidered during the analysis. The measured g-range
was 0.3-3.1 1/A with the definition g = (4n sin 0)/
(A) for the length of the scattering vector.

Water vapor and oxygen transmission rates were
measured from untreated and heat treated samples
with and without the ALD-AlLO; layer. The water
vapor transmission rate (WVTR) was measured from
three to five parallel flat samples according to the
modified gravimetric methods ISO 2528 : 1995 and
SCAN P 22 : 68, and was expressed as g/m?/day.
Test conditions were 23°C and 75% relative humid-
ity. The oxygen transmission rate (OTR) was mea-
sured from two to eight parallel samples using
humid gases at room temperature (23°C, 50% rela-
tive humidity) with Systech M8001 and expressed as
cm®/m?/10° Pa/day.

RESULTS AND DISCUSSION
Surface topography and polymer morphology

The results from the surface topography and mor-
phology measurements are presented in Table I. The
effect of heat-treatment on B(PE) was obvious. The
plain substrate was rough as indicated by the high R,
and R, values, and the large deviation between the
measured areas. The smoothest B(PE) sample was
heat treated at 200°C followed by quenching with

TABLE I
Average Roughness (R,) and Root Mean Square
Roughness (R,), Both in nm, Obtained from Three
Parallel Surface AFM images (area 5 X 5 pm)

Sample R, R,
B(PE) 68 * 42 89 + 58
B(PE), 170°C, RT 16 + 2.4 20 + 34
B(PE), 200°C, RT 20 =83 26 £ 11
B(PE), 170°C, LN 18 = 54 22 +72
B(PE), 200°C, LN 13+ 14 17 = 1.7
B(PLA) 110 = 63 137 = 70
B(PLA), 4 min 130°C 27 + 11 34 +18
B(PLA), 9 min 130°C 28 + 21 35+ 18
B(PLA), 16 min 130°C 26 + 11 34 + 15

RT refers to quenching at room temperature, LN to
quenching with liquid nitrogen.

liquid nitrogen. However, taking into account the sta-
tistical scattering, all the heat-treated B(PE) samples
were similar. Plain B(PLA) was rougher than the com-
mercial PLA-coated board in our previous studies™”
and the B(PE) used. Heat-treatment decreased the
surface roughness, and with the longer treatment
time the roughness of the surface became more uni-
form. The heat-treated B(PLA) samples were rougher
than the heat treated B(PE) samples. However, in the
case of B(PE), surfaces revealed that the amount of
small scale surface features actually increased as a
result of the heat-treatment. The phase images indi-
cated more organized structures with the samples
quenched at room temperature than those quenched
with liquid nitrogen. This is shown in Figure 1. With
B(PLA) the effect was significant which can be seen in
Figure 2. The amount of spherulites increased with
increased treatment time in the oven. High crystallin-
ity of samples heat-treated for 9 and 16 min seemed
also to create discontinuation points between the
spherulites (Fig. 3).

When determining the crystal sizes and crystallin-
ities of cellulose by WAXS, the measured scattering
of sulfate lignin was used to approximate the amor-
phous background of cellulose.” The intensity pat-
tern was integrated on a sector of 180° in the plane
of the image plate. For the crystal size determina-
tion, the amorphous background was subtracted and
the size was calculated with the Scherrer equation®
after fitting Gaussian functions to the diffraction
peaks. This was possible for the 200-reflection of cel-
lulose (1.6 1/A) in the B(PLA) samples only, because
the diffraction peaks of LDPE in B(PE) could not be
separated from the cellulose peaks. According to the
results, the crystal size of cellulose in 200- d1rect10n
(crystal width) was increased from 53 A to 60 A due
to heat-treatment of B(PLA) samples, being 48 A for
an uncoated paperboard (* 1 A for all). The crystal-
linity of cellulose was determined for the reference
sample and the plain B(PLA) substrate by fitting 24
Gaussian functions corresponding to the theoretical

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Phase AFM images of LDPE surfaces after 5 min heat-treatment followed by quenching with liquid nitrogen (a)

and quenching at room temperature (b).

reflections of cellulose I?? in the data and calculat-
ing the ratio of the measured intensity and the
approximation for the amorphous background. No
significant difference was observed between the two
samples.

The order parameter” describing the orientation
of cellulose crystals with respect to the machine
direction was calculated from the two-dimensional
WAXS patterns of all samples. A narrow radial
range at the peak of the 200-reflection of cellulose
was chosen to minimize the contribution of the
peaks of PLA and LDPE. This parameter describes

orientational order in the samples and has a value of
0 for no orientation and a value of 1 for fully ori-
ented samples. Orientation of cellulose crystals in
the machine direction (direction the web runs on
board machine) was observed in all samples, with
order parameters varying in the range 0.03-0.05.
Heat-treatment of the B(PLA) samples increased
the level of crystallinity in PLA gradually when
comparing the intensity of the sohar]soest peak of PLA
(020-reflection at g = 1.18 1/A**®) obtained from
the heat-treated samples to the peak of the plain
B(PLA) sample (Fig. 4). This is in agreement with

Deg
30

20

Figure 2 Phase AFM images of plain B(PLA) and B(PLA) after 4 and 16 min heat-treatment followed by quenching at

room temperature.
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Figure 3 Phase AFM images of B(PLA) after 9 and 16 min heat-treatment followed by quenching at room temperature.

the observations from the AFM studies. The three
other peaks in Figure 4 are the 101-, 023-, and 121-
reflections of PLA, visible at g = 1.05 1/ A, g =135
1/A and 1.58 1/A, respectively.??

B(PE) samples were more challenging to analyze
with WAXS due to the reason stated above. How-
ever, qualitative analysis of the data showing in
Figure 5 was possible. The only diffraction peak of
LDPE visible despite the cellulose background (110-
reflection) is located approximately at g = 1.52 1/A.
On the basis of visibility of this peak, it seems that
plain B(PE) had the lowest crystallinity followed by
B(PE) heat-treated at 200°C and the quenching with
liquid nitrogen. B(PE) sample after similar heat treat-
ment but slower quenching rate resulted in higher
crystallinity. Samples heat-treated at 170°C where
more crystalline regardless of the quenching process.
It has to be kept in mind that more branched LDPE
has lower crystallization tendency than HDPE or
linear LDPE often used in such studies.

m

B(PLA) 4 min

B(PLA) 9 min

Intensity

B(PLA) 16 min

15 2
q(1/4)

0.5 25

Figure 4 WAXS patterns from the plain and heat treated
B(PLA) samples. The data for the uncoated reference
board was subtracted from the curves.
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Effect of heat-treatment on surface chemistry

Table II presents the results from the contact angle
and surface energy measurements for the plain and
heat-treated substrates. In the B(PLA) samples the
hydrophobicity increased after 4 and 9 min of heat
treatment at 130°C and then decreased after 16 min of
heat treatment. This behavior can be explained by the
surfaces containing both amorphous and crystalline
regions, and the effect of such heterogeneity on appa-
rent contact angles. After 16 min of heat treatment at
130°C the surface was covered with spherulites
resulting in a slightly more hydrophobic surface com-
pared with the amorphous surface. The values for the
B(PE) samples were more constant. The samples
which were heat-treated and quenched at room tem-
perature had higher standard deviation in the contact
angle values. These results support our findings from
AFM and WAXS results. The scattering in contact
angle makes also the analyses of the surface energy
values based on the average contact angles difficult.

Intensity

q (1/A)

Figure 5 WAXS pattern of the plain and heat-treated
B(PE) samples.
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TABLE II
Average Contact Angles (°) of the Samples with Water
and Di-iodomethane (DIM) from Three to Eight Parallel
Measurements, and Surface Energies y (mN/m) and
Relative Polarity y,/y Calculated from the Contact Angle
Data Using the OWRK (ext. Fowles) Theory

Contact Contact

Sample angle, H;,O angle, DIM v  y,/v
B(PE) 85 + 5.0 56 + 1.8 34 11
B(PE), 170°C, RT 84 + 13 60+29 33 13
B(PE), 200°C, RT 96 = 84 56 =23 32 27
B(PE), 170°C, LN 85+ 19 57+19 34 11
B(PE), 200°C, LN 90 + 2.7 56 + 0.7 33 68
B(PLA) 76 + 2.2 37+78 46 938
B(PLA), 4 min 130°C 99 =33 3410 42 0
B(PLA), 9 min 130°C 91 +95 65+76 29 10
B(PLA), 16 min 130°C 80 * 6.8 3620 45 71

The values of contact angles were measured one second
after the initial contact between the sample surface and
the test liquid. RT refers to quenching at room tempera-
ture, LN to quenching with liquid nitrogen.

Effect of Al,O; coating on gas barrier properties of
heat-treated substrates

Results from the barrier tests are presented in Tables III
and IV. The water vapor barrier property of B(PE) was
improved by the heat-treatment followed by quenching
at room temperature. This can be explained by the
increased crystallinity of LDPE. These results are simi-
lar to previous results reported.®'® However, quench-
ing of the heat-treated B(PE) with liquid nitrogen
resulted in impaired water vapor barrier property. This
is probably due to more amorphous structure when
compared with the other samples.

The Al Os layer improved the oxygen and water
vapor barrier properties of B(PE) and B(PLA) as
such. In our previous studies™® increasing the thick-
ness of the AlL,O; layer further from 25 nm was

TABLE III
Water Vapor Transmission Rates (g/m*/day) of Plain
B(PE) and B(PLA) Substrates and Al,O; Coated
Substrates With and Without the Heat Treatment

Without With
Sample ALD'A1203 ALD-A1203

B(PE) 11 = 0.6 1.7 £ 0.2
B(PE), 170°C, RT 7.6 = 0.8 43 + 36
B(PE), 200°C, RT 7.0 = 0.2 3.7+28
B(PE), 170°C, LN 15 = 3.3 92 *+53
B(PE), 200°C, LN 20 * 6.6 58 =1
B(PLA) 98 =24 58 =23
B(PLA), 4 min 130°C 88 + 1.7 3.0 + 19
B(PLA), 9 min 130°C 78 = 5.8 32*+08
B(PLA), 16 min 130°C 76 £ 6.8 11 =23

Two to eight parallel measurements were performed.
The results are given as average * standard deviation.
Target thickness of Al,O; layer was 25 nm. RT refers
to quenching at room temperature, LN to quenching with
liquid nitrogen.
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TABLE IV
Oxygen Transmission Rates (cm*/m?/10° Pa/day) of Plain
B(PE) and B(PLA) Substrates and Al,O; Coated
Substrates With and Without of Heat Treatment

Without With

Sample ALD-A1203 ALD-A1203
B(PE) 7200 = 3000 450 = 90
B(PE), 170°C, RT 4600 = 1300 8200 = 3700
B(PE), 200°C, RT 85,000 = 35,000 9200 = 1200
B(PE), 170°C, LN 71,000 = 41,000 9200 = 2800
B(PE), 200°C, LN >170,000 38,000 = 14,000
B(PLA) 530 * 35 120 = 100
B(PLA), 4 min 130°C 650 * 20 40 = 23
B(PLA), 9 min 130°C 3400 = 2300 >175,000
B(PLA), 16 min 130°C 7500 £ 70 >200,000

Two to eight parallel measurements were performed.
The results are given as average = standard deviation.
Target thickness of AlL,O; layer was 25 nm. RT refers to
quenching at room temperature, LN to quenching with
liquid nitrogen.

needed to significantly improve the barrier proper-
ties of B(PE). In this study the improvement was
obvious already with a 25 nm layer of Al,O;. The
improvement was clear even when we used lower
deposition temperature than previously. However,
after the Al,O; coating the WVTR values of the plain
and the heat-treated B(PE) samples quenched at
room temperature were on the same level, whereas
the improvement in the water vapor barrier was not
necessarily as unambiguous with the amorphous
B(PE) samples that can be explained by the
increased thermal mobility of the amorphous poly-
mer chains. This makes the nucleation and growth
of the Al,O; layer more challenging leading to poor
film formation or internal/interfacial stresses. In
addition, oxidation of the amorphous polymer could
impair the water vapor barrier performance. Heat
treatment of B(PLA) also improved the WVTR, and
the longer the heat-treatment the lower the WVTR.
This is in agreement with previous studies.”'*" In
the previous studies with B(PLA)° the optimal
Al O3 layer thickness was 25 nm. With thicker Al,O;
layers (e.g., 50 nm and 100 nm) the barrier properties
were impaired. However, the B(PLA) samples coated
with the AlLO; layer were similar to each other
within the limitations of the test method. This indi-
cates that the AlLO; layer made by the ALD tech-
nique dominated the water vapor barrier properties.
The oxygen barrier property of B(PE) was little
affected by the over-melt-point heat treatment at 170°C
or at 200°C. The oxygen barrier property was impaired
as temperature was increased or when quenching with
liquid nitrogen was used due to a more amorphous
LDPE coating. The reason for increased oxygen trans-
mission rate after treatment at 200°C followed by
quenching at room temperature could be the formation
of pathways to permeants between the crystals along
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the oxidized short-chain amorphous regions. Such a
structure has been suggested earlier'>—although for
linear high-density polyethylene (HDPE). This finding
of increased oxygen permeability is in disagreement
with the results from others.*'® In addition to different
polyethylene used in these studies, one cannot rule out
the effect of the base substrate which was in our case a
rough paperboard. The best oxygen barrier was
achieved when plain B(PE) was coated with the Al,O;
layer. The oxygen barrier properties with the Al,O5 layer
were similar for the heat-treated samples quenched at
room temperature and the sample heat-treated at 170°C
followed by quenching with liquid nitrogen. The sam-
ples exposed to 200°C and quenched with liquid nitro-
gen exhibited the highest oxygen transmission rates both
with and without the Al,O; layer. This is in agreement
with the water vapor barrier results.

In the case of B(PLA) a short heat treatment below
the melting point had only a small effect on the oxy-
gen barrier. The values were similar to the samples
with the Al,Oj layer. However, as the heat-treatment
at 130°C is prolonged to 9 or 16 min the increased
crystallinity and the growing spherulites force the
short-chain material with low crystallization tend-
ency to the spherulite boundaries, as suggested for
HDPE." If a PLA-based blend is used the different
blend components might separate. Such areas had
probably different response to the ALD process con-
ditions, and the ALD layer uniformity was impaired
thus creating additional pathways for oxygen mole-
cules. In addition, oxygen barrier is more sensitive
to resulting coating defects than water vapor barrier.

CONCLUSIONS

Heat-treatment of PLA-coated paperboard at 130°C
and LDPE-coated paperboard at 170°C or 200°C fol-
lowed by quenching at room temperature were
found to be beneficial for the water vapor barrier
performance. Quenching of LDPE-coated board with
liquid nitrogen mainly increased the WVTR value,
which was explained by changes in the polymer
morphology. No systematic improvement in oxygen
barrier property was observed which was explained
by the spherulitic structure of PLA, and the disconti-
nuities and low-chain material around the spheru-
lites forming passages for oxygen molecules. An
Al,O5 layer grown by the ALD technique improved
the barrier properties of PLA and LDPE-coated sub-
strates as such. However, heat-treatment of these
substrates before applying the Al,O; layer provided
little or no practical means to improve the barrier
performance. On the contrary, radical changes in the
polymer morphology eventually impaired the barrier
properties, and the thin Al,O3 layer could not in all

cases compensate for such changes in the substrate,
probably due to an uneven nucleation and film
growth and high mobility of amorphous LDPE
and interspherulitic PLA chains. This indicates the
importance of homogeneous surface before the
Al,O5 coating. It was also observed that decreasing
the ALD-Al,O; deposition temperature from 100 to
80°C improved the barrier properties obtained with
LDPE-coated board.

The authors thank Stora Enso Oyj for providing the paper-
board samples.

References

1. Pan, P; Liang, Z.; Zhu, B.; Dong, T.; Inoue, Y. Macromolecules
2008, 41, 8011.

. Lange, J.; Wyser, Y. Packag Technol Sci 2003, 16, 149.

. Leterrier, Y. Prog Mater Sci 2003, 48, 1.

. Puurunen, R. L. ] Appl Phys 2005; 97: 121301.

. Hirvikorpi, T.; Vdha-Nissi, M.; Mustonen, T.; liskola, E.; Karp-

pinen, M. Thin Solid Films 2010, 518, 2654.

6. Hirvikorpi, T.; Vaha-Nissi, M.; Harlin, A.; Karppinen, M. Thin
Solid Films 2010, 518, 5463.

7. Hirvikorpi, T.; Vdha-Nissi, M.; Harlin, A.; Marles, J.; Miikku-
lainen, V; Karppinen, M Appl Surf Sci 2010, 257, 736.

8. Lahtinen, K.; Nattinen, K.; Vartiainen, ]J. Polym-Plast Tech Eng
2009, 48, 561.

9. Lahtinen, K.; Kotkamo, S.; Koskinen, T.; Auvinen, S.; Kuusi-
palo, J. Packag Technol Sci 2009, 22, 451.

10. Lahtinen, K. Publication 880. Tampere University of Technol-
ogy, Tampere, Finland. 2010.

11. Qin, Y.; Rubino, M.; Auras, R.; Lim, L. T. ] Appl Polym Sci
2008, 110, 1509.

12. Edwards, R. 1990 Polymers, Laminations and Coatings Con-
ference Proceedings, Boston, MA, September 4-7, 1990; p 595.

13. Tsuji, H.; Okino, R.; Daimon, H.; Fujie, K. ] Appl Polym Sci
2006, 99, 2245.

14. Al-Raheil, I. A.; Al-Share, M. ] Appl Polym Sci 1999, 72, 1125.

15. Scheirs, J; Bigger, S. W.; Delatycki, O. J Polym Sci Part B:
Polym Phys 1991, 29, 795.

16. Kim, K. S;; Ryu, C. M,; Park, C. S; Sur, G. S.; Park, C. E. Poly-
mer 2003, 44, 6287.

17. Ferguson, J. D.; Weimer, A. W.; George, S. M. Chem Mater
2004, 16, 5602.

18. Liang, X. H.; Hakim, L. F.; Zhan, G. D.; McCormick, J. A.;
George, S. M; Weimer, A. W; Spencer, J. A.; Buechler, K. J;
Blackson, J.; Wood, C. J.; Dorgan, J. R. ] Am Ceram Soc 2007,
90, 57.

19. Scott, W. W.; Bhushan, B. Ultramicroscopy 2003, 97, 151.

20. Andersson, S.; Serimaa, R.; Paakkari, T.; Saranp&d, P.; Peso-
nen, E. ] Wood Sci 2003, 49, 531.

21. Cullity, B. D,; Stock, S. R. Elements of X-Ray Diffraction; Pren-
tice Hall: New Jersey, 2001.

22. Nishiyama, Y.; Langan, P.; Chanzy, H. ] Am Chem Soc 2002,
124, 9074.

23. Davidson, P.; Petermann, D.; Levelut, A. M. ] de Physique II
1995, 5, 113.

24. Grijpma, D. W.; Zondervan, G. J.; Pennings, A. ] Polym Bull
1991, 25, 327.

25. Zhong, W.; Ge, |.; Gu, Z; Li, W.; Chen, X,; Zang, Y.; Yang, Y.
J Appl Polym Sci 1999, 74, 2546.

U1 = W N

Journal of Applied Polymer Science DOI 10.1002/app





