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Abstract When suspensions are exposed to shear
forces, the particles may form ordered structures
depending on their shapes, concentrations, and the
material. For some processes, e.g., for wet-film coating,
it is important to know how fast these structures form
in shear fields and for how long the structures persist
when the shear is relaxed. To obtain information on
the particle structure formation and the decay time, the
effective viscosity of nematic suspensions of Na-
hectorite nanosheets was investigated by rheology
employing a cone-plate measurement geometry. The
necessary time for the formation textured nematic
films could be deduced by carrying out effective
viscosity measurements at constant time steps. Infor-
mation could also be obtained on the lifetime of the
platelet textures when shear is relaxed. All this
information was employed to identify geometrical
requirements for slot dies to produce barrier liners
with nanosheet layers oriented parallel to PET sub-
strates. Thereby, we obtained green and simple coat-
ings that are in line with state-of-the-art high-
performance materials such as metalized plastic foils
in terms of oxygen barrier properties.
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Introduction

When small particles are added to a fluid and shear is
applied, as in a Couette flow, the moving suspensions
show effective viscosities of different complexities. The
latter depend on the suspension medium, the particle
concentration, its size and shape, and also on the
hydrophobic or hydrophilic surface properties of the
particle material.' For instance, Laun et al. showed that
the measured effective viscosities as a function of the
applied shear stress of polystyrene—ethyl acrylate latex
particles in water depend on the particle concentration
and the surface charge characteristics of the latex
particles.”” In his seminal work, Giesekus® showed
that spherical particles, when exposed to shear flows,
arrange themselves in such a way that they form
“strings of particles”. These particle structures were
formed when an aqueous dispersion of particles was
“moved by hand” between two glass plates. Since the
work of Giesekus, it has been found that the effective
viscosity of fluid—particle systems changes in such a
way that an increase in structured particle arrange-
ments results in a decrease in the measured effective
viscosity. In turn, this means that effective viscosity
measurements can be employed to reveal structural
changes of suspensions induced by increasing shear
rates. In particular, shear thinning indicates major
structural changes. Such suspensions still comprise of a
fluid with its original viscosity, but the interactions of
the fluid with dispersed particles and particle—particle
interactions yield forces that are recorded by viscome-
ters as a decrease in the measured momentum of a
rheometer.”® The increase in the regularity of the

487


http://orcid.org/0000-0002-2547-3950
https://doi.org/10.1007/s11998-021-00535-4
https://doi.org/10.1007/s11998-021-00535-4
https://doi.org/10.1007/s11998-021-00535-4
https://doi.org/10.1007/s11998-021-00535-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s11998-021-00535-4&amp;domain=pdf
https://doi.org/10.1007/s11998-021-00535-4

J. Coat. Technol. Res., 19 (2) 487-495, 2022

particle arrangements in the suspension decreases the
viscosity.

Very persistent particle structures can be expected
for suspensions of nanosheets with high aspect ratios.’
In particular, when the aspect ratio is high enough at a
given concentration of the suspension to hinder rota-
tion of adjacent nanosheets, nematic liquid crystalline
phases are formed,® as evidenced by small-angle X-ray
scattering (SAXS). This is even the case for dilute
aqueous suspensions of negatively charged nanosheets
of the synthetic clay sodium fluorohectorite (NaHec),”
where the nanosheets are known to adopt a cofacial
arrangement due to strong electrostatic repulsion. For
instance at 2.3 vol% of NaHec, adjacent clay na-
nosheets with a diameter of 20 pym are separated to
only 32 nm and consequently, in this nematic state are
confined in a cofacial geometry. Individual domains
with cofacial arrangement are, however, randomly
oriented (Fig. 1a).%

Such high aspect ratio nanosheets are perfectly
suited for high-performance polymer nanocomposites
as needed for a wide variety of applications, ranging
from food packaging all the way to encapsulation of
optoelectronic devices like organic photovoltaic and
organic light emitting devices.'” As Qointed out by
Cussler’s theory of the tortuous path'"'? for optimiza-
tion of the barrier properties, perfect parallel align-
ment of the impermeable nanosheets on the substrate
is crucial. Parallel aligned (textured) nanosheets are
the key to achieve low gas permeabilities as the
diffusion pathway for a gas permeant is hereby
maximized and the tortuosity strongly decreases once
nanosheets become tilted with respect to the diffusion
direction (Fig. 1b)."?

Flow-alignment of composite materials has been
explored for some time.'* In particular for the fabri-
cation of composite films of nanosheet fillers, texturin
via shear forces has been successfully applied,'”™
although the applied methods are limited to rather low
shear rates and difficult to scale up, for instance dip
coating. A scalable and universally applicable coating
process like slot die coating ensures efficient shear

(@ () Y N S

100 pm

Fig. 1: (a) Optical microscopic image of statistically
oriented, swollen NaHec tactoids between crossed
polarizers. (b) Scheme of tortuous path for diffusion of
permeant depending on the arrangement of nanosheets in
a matrix
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texturing and sufficient inertness with respect to loss of
this texture by reorientation to allow freezing of the
textured film structure during evaporation of solvent.

Here, we study the shear orientation of nematic
NaHec phases as a function of concentration and shear
rate to establish the “formation time” of textured
NaHec suspensions. Moreover, the rheological infor-
mation was used to lay out slot dies for coating
suspensions of NaHec nanosheets on PET substrates in
a single-step procedure and the permeability of these
clay—only barriers was determined.

Experimental
Materials and sample preparation

Carboxymethyl cellulose (CMC) with a mean molec-
ular weight of 250000 g mol™’ was purchased from
Daicel Corporation (Japan) and was dissolved in
deionized water to obtain a 0.3 wt% solution. The
solution was stable, and no sedimentation appeared.
The synthetic clay [Nag 5] [Mg sLig 5]°'[Sis]*'O10F>
(NaHec) was synthesized via melt synthesis followed
by annealing according to a published procedure and
the material featured a cation exchange capacity
(CEC) of 1.27 mmol g'.'** Upon immersion in
deionized water, the pristine material swells osmoti-
cally producing a nematic suspension with delaminated
individual nanosheets of an average diameter of
= 20 um, separated by 32 nm at 6 wt%, which corre-
sponds to 2.3 vol%. The viscous suspension was placed
in an overhead shaker for 7 days to assure equilibra-
tion to a uniform swelling state. Less concentrated
suspensions were made by diluting this stock suspen-
sion with deionized water. A corona-treated PET
(36 um) substrate was obtained from Bleher KG
(Germany).

Characterization methods

Small-angle X-ray scattering (SAXS) was performed
using the system “Ganesha Air” (SAXSLAB, Den-
mark), equipped with a rotating anode X-ray source
(copper, MicroMax 007HF, Rigaku Corporation, Ja-
pan). A position-sensitive detector (PILATUS 300K,
Dectris, Switzerland) was used and different sample-
to-detector positions were chosen to cover a wide
range of scattering vectors. Measurements of the
suspension were performed in 1 mm glass capillaries
(Hilgenberg, Germany) at room temperature. The one-
dimensional (1D) data [I(g) vs. ¢ with intensity / and
scattering vector g| are in absolute scale and back-
ground corrected. The birefringence of the dispersion
was evaluated with a self-made crossed polarizer.
Powder X-ray diffraction (PXRD) experiments
were performed using Cu Ko radiation on a Bragg—
Brentano-type diffractometer (Empyrean, Malvern
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Panalytical BV, The Netherlands) equipped with a
pixel detector. The XRD pattern of the coated clay
film was recorded and subsequently analyzed using
Malvern Panalytical’s HighScore Plus software. Prior
to the measurement, the sample was equilibrated at
43% relative humidity (r.h.).

All rheological experiments were performed with a
shear rheometer (Type Physica MCR 101, Anton Paar,
Austria) by using a CP50-1 cone and plate geometry
with a plate diameter of D = 50 mm, cone angle of
f = 1° and truncation gap of k¥ = 0.102 mm. For deter-
mination of the formation time, the viscosity was
measured as a function of the time and measuring time
steps were set to 0.1 s.

Cryo scanning electron microscopy (CryoSEM)
micrographs were recorded at 2 kV with a secondary
electron (Everhart-Thornley) detector on a Zeiss Ultra
plus SEM equipped with a Leica VCT cryo stage
cooled to — 155°C. For sample preparation, the spec-
imen was sheared in the rheometer directly on the
SEM sample holder (Figs. S1, S2) that was subse-
quently plunged in liquid nitrogen and after cooling
was transferred with a Leica EM VCT100 shuttle into a
Leica EM MEDO020 freeze-fracture unit, where frac-
tured surfaces were generated by impacting the spec-
imen with a blade. After sputter coating with a thin
layer of tungsten, the sample was transferred with the
shuttle to the precooled cryo stage within the SEM for
imaging.

Oxygen transmission rates (OTRs) were determined
on a Mocon OX-TRAN 2/21 system with a lower
detection limit of 0.05 cm® m? day™” atm™. The mea-
surements were performed at 23°C and 50% and
90% r.h. A mixture of 98% nitrogen and 2% hydrogen
(v/v) was used as the carrier gas and pure oxygen as
permeant (>99.95%, Linde Sauerstoff 3.5).

The thickness of the NaHec barrier coating was
measured with a High-Accuracy Digimatic Micrometer
(Mitutoyo, Japan) with a measuring range of 0-25 mm
and a resolution of 0.1 pum. A mean value was
determined by ten measurements on different spots
in the permeability area.

Coating experiments

An aqueous 6 wt% NaHec suspension was used for
coating on corona-treated PET foils. The corona
treatment guarantees to maintain a uniform wetting
of the coated film after the fluid left the slot die. Prior
to coating, the suspension was homogenized in a
SpeedMixer DAC 400.2 VAC-P (Hauschild, Ger-
many) to remove air bubbles under vacuum (5 min,
50 mbar and up to 2500 rpm). The coating experiments
were conducted using a TSE Table Coater with a 1-
Layer Slot Die 300 mm, AAA (TSE Troller AG,
Switzerland). For the coating procedure, the coating
width was set to 0.21 m. The pump flow rate (3.4 ml
min™) and the table speed (0.2 m min™) were adjusted
accordingly. The table temperature was set to 25°C and

the coating gap set to 86 pum (36 pm PET + 50 um
coating height).

The obtained wet films were dried in-line applying a
slight under pressure by an airflow of approximately
1.5 m’ min™ generated by a Side Channel Blower Type
1SD 510 (Elektror Airsystems GmbH, Germany). A
microporous surface below the airflow guarantees a
soft and uniformly solvent removal over the entire film
surface.

Results and discussion
Shear orientation of NaHec nanosheets

Viscosity measurements are usually carried out using a
plate—cone rotating viscometer to obtain the dynamic
viscosity # of liquids. Plain liquids, comprised of low
molecular weight molecules, show Newtonian behavior
meaning that shear viscosity remains constant and is
independent of shear rate. When, however, high
molecular weight polymers are dissolved in water at
sufficiently high concentration, e.g, carboxymethyl
cellulose (CMC), a shear thinning behavior is ob-
served. According to Mezger,” this is related to the
disentanglement of the high molecular weight poly-
mers (Fig. 2 inset). For CMC, shear thinning is
perfectly reversible with no hysteresis. When the
distribution of # is measured with increasing and
decreasing shear rate 7, the lines overlap (Fig. 2). This
indicates that the timeframe available for each 5
measurement is sufficient to yield the » value charac-
teristic for each adjusted j selected by the rheometer.
Owing to limitations of the measurement technology,
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Fig. 2: Viscosity measurements for increasing and
decreasing shear rates for water (black circle) and
0.3 wt% carboxymethyl cellulose solution (black triangle).
The black arrows indicate the measurement direction. The
inset shows the disentanglement of polymer chains under
shear
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the data show a scattering for small shear rates with
low-viscosity fluids. Therefore n distributions are
shown only for § > 10 s™

The synthetic clay NaHec belongs to a few layered
compounds that show the rare phenomenon of osmotic
swelling,”' which leads to spontaneous delamination
into single NaHec nanosheets by immersing the clay in
deionized water.® A lateral dimension of 20 um with a
thickness of 1 nm for such a nanosheet yields an aspect
ratio of ~ 20000.° Due to this hrgh aspect ratio,
nanosheets are hindered in rotation, giving a nematic
liquid crystalline phase as evidenced by SAXS (Fig. 3).
Even a concentrated (6 wt%, corresponding to
2.3 vol%) NaHec suspension represents a translation-
ally symmetric, stable, and homogeneous phase owing
to the strong electrostatlc repulsion of negatively
charged clay nanosheets.® Therefore, nanosheets are
forced to adopt a cofacial arrangement with single
NaHec nanosheets separated to 32 nm. The SAXS
curve shows a g dependence at low and intermediate
q range that is characteristic for platelet-like objects.
Moreover, the osmotic swelling and platelet-like
geometry are proven further by employing a simple
model of disks with radius R = 10 pm and thickness
h =1nm separated to dgpy; =32 + 3.2 nm using a
Gauss distribution (Fig. 3 inset).

The inset in Fig 4a shows schematically the behav-
ior of nanosheets in a fluid under shear, according to
Mezger.® Please note that contrary to what was
proposed by Mezger, NaHec suspensions used here
are not isotropic but due to the large diameter, the
nanosheets are held in a coplanar arrangement within
domains, as evidenced in the SAXS measurements
(Fig. 3). The individual domains, however, are statis-
tically oriented. When shear stress is applied, these

0.1+
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Intensity / cm™

Fig. 3: SAXS pattern of a 6 wt% NaHec suspension
indicating a nematic phase with a uniform separation of
32 nm between adjacent nanosheets (circle, measured,
black line, calculated). The insets show birefringence of
the diluted (~1 wt%) nematic suspension between crossed
polarizers and the model (separated disks) used for fitting
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domains are gradually oriented resulting in a quasi-
single crystalline state, where all nanosheets are
rearranged into a cofacial orientation while still being
separated to a uniform distance. With increasing shear
rate, the suspension will then eventually represent a
Bragg stack (1D single crystal) that is perfectly
textured parallel to the rheometer plate (Fig. 4a).

Viscosity—shear rate distributions obtained for Na-
Hec suspensions of varying concentration with increas-
ing and decreasing 7 measurements showed shear
thinning and a pronounced hysteresis (Fig. 4a). As
expected, the initial viscosity decreased significantly
with decreasing concentration. When shear is relaxed,
the textures of cofacially aligned NaHec nanosheets,
generated by the velocity shear field of the suspension,
persist for a long time although the texture—producing
shear field is reduced. Hereby, the measured viscosities
stay constant though the shear stress is decreased
confirming the high stability of textures of shear
oriented NaHec nanosheets. This phenomenon is more
pronounced for suspensions of lower NaHec concen-
trations. As the domlnatmg 1nterpartlcle force is
electrostatic repuls1on which increases with !, this
observation is somewhat counterintuitive. If shear
thinning is related to the alignment of domains and
individual nanosheets in the direction of the shear
force, the increase in n with decreasing shear rate
should be related with tilting and potentially undulat-
ing nanosheets in respect to the shear flow. This should
actually be more difficult at higher repulsion.

Shear alignment of nanosheets in the suspension was
additionally visualized by directly taking CryoSEM
images of vitrified suspension films. To suppress
crystallization of water that would destroy the pristine
suspension structures, for this experiment, the concen-
trations had to be increased to 20 wt% and addition-
ally 30% of glycerol had to be added (see the
supporting information for experimental details, Flgs
S1, S2). After applying shear stress (up to 1000 s™)
while the plate was replaced with a SEM sample holder
for the NaHec suspension, it was vitrified and subse-
quently CryoSEM micrographs were recorded at
freeze-fractured surfaces (Fig. 4b, c). As expected
based on the rheology experiments, band-like struc-
tures with parallel plates translocated relative to each
other were the dominating feature.

To investigate the formation time Af# of oriented
nematic phases with nanosheets aligned in parallel to
the plate and cofacially to each other, three different
but constant shear rates for the rheometer were set and
the effective viscosity of a 1.5 wt% NaHec suspension
was measured over a period of time (Fig. 5). During
the formation time, the instantaneously applied shear
is responsible for the imposed forces acting on the
nanosheets that cause the nanosheets to orientate
towards the direction of the flow lines. Hereby, the
effective viscosity varies and finds a minimum once the
nanosheets aligned themselves in parallel to the walls
of the rotating plate of the rheometer. After approx-
imately twice the formation time, the nanosheets
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Fig. 4: (a) Effective viscosity measurements of NaHec suspensions of different concentrations: 3 wt% (red), 1.5 wt% (gray)
and 0.75 wt% (blue). The black arrows indicate the measurement direction, which is identical for each concentration. The
inset shows schematically the behavior of nanosheets under shear. (b), (c) CryoSEM images of shear oriented NaHec
suspensions (20 wt%) in a water/glycerol 70/30 w/w mixture

moved back into their final position, and the viscosity
reaches a constant value characteristic of the textured

50 nematic phase. While n converges to the same value
(a) within experimental errors, the formation times in-
a0k crease with decreasing constant shear field y applied.
The limiting value of n is characteristic for a given
< ° concentration (Fig. S3) indicating that the quality of
230+ \ texture approached is the same, although it takes
= LN S longer to achieve it. . _
20 F From these measurements, a formation time of the
i A1=0.37s shear oriented texture can be deduced that corre-
- e : ; : ; sponds to the minimum of the viscosity. Multiplying At;
with each shear rate applied yields the following
I (b) relation:
» 40 - o
<
N au = )
=30r \ b
.\.__././.—.—.—O—-.—O—.—.—.—.—.—.—l . .
20 : Hence, the stronger the applied shear field is, the
At=0.50's faster the aligned nematic phase forms. The constant
36 was determined as a mean value of the three
Y measurements. So far, our results indicate that effec-
(c) tive shear viscosity measurements permit information
w40 - to be obtained about texturing of nanosheet suspen-
ng o\ sions. Next, this' informatiqn will be transfor.med into
<30k N scalable processing of barrier films that require such a
.\.\._.,_.—-.—‘."'.— AR texture.
20+
§ A70.725 Slot die coating
10 P S — T | .§ | I T E—— | |

0.0 0204 06 08 1.0 12 14 1.6 1.8 20 One of the major applications of nanosheets is barrier
coatings applied in a technically benign processing on
substrates. Since the viscosity of nanosheet suspensions

Fig. 5: Measured formation time At of oriented nematic 'S considerable, the concentrations that can be pro-

phases in a 1.5 wt% NaHec suspension for different shear cessed arc low (Fig. 4). Shear thinning hel.ps but si_nce
rates: (a) 100 s™; (b) 70 s™; (c) 50 s™ evaporation of large amounts of suspension medium

t/s
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takes time, sufficient inertness of the shear alignment is
required. The observed rheological behavior of NaHec

suspensions suggests that high shear fields should be ¢, 1 "6 shear oriented structures that were seen using

employed to yield aligned nanosheets parallel to the . .
substrate already within the applied coating tool. Slot ;l:l% élgt;inelgsar rheometer. Combining equations (2)

dies of the kind illustrated in Fig. 6 promise to be

advantageous for this task. The suspension enters the 3] d

slot die via the fluid supply slot. The actual coating — >36-— 5)
region is located between the lips / of the die and the ~ Uw Uw

substrate to be coated, that moves with a certain web

velocity Uw. The flow regions underneath the lips L >d (6)
possess the shear field of a Couette flow and, if this flow 12 —

dominates, a nanosheet suspension is exposed to this

If this time condition is maintained, the nanosheet
suspension is exposed for a sufficiently long time to

shear field for the following experimental time Afy: Hence, the rheological measurements combined

with the above considerations give access to the

3l geometry of slot dies needed to achieve sufficient

Atex ~U. (2)  nanosheet alignment in the coating process. If one

decides to employ a slot die2 2i21}t its ““bead coating”

After the suspension leaves the fluid supply slot ~ mode, the following condition™" must hold:

Fig. 6), it first to the directi f the back

(Fig. 6), it moves first to the direction of the bac 4> 2h ™)

meniscus and then passes two more times the lip length
[ before it leaves the shear field between the lips and
the substrate at the front meniscus. This yields three
times the length of the lips / as given in equation (1),
assuming the slot width is negligible. By including the
coating gap d, the actual shear rate j., to which the
suspension is exposed can be calculated as follows:

where / is the coated layer thickness (Fig. 6) and hence
equations (6) and (7) can be combined to give

[ > 24h (8)

Coating textured films of nanosheets require slot

. Uy dies with “long lips” to be employed, as equation (8)
Tex =1 (3)  shows. Alternatively, a slow web velocity U, can be
applied for the coating procedure that increases the
experimental time Af., as equation (4) suggests. In
summary, increasing the lip length / and decreasing U,
both will increase At and the combination will ideally
produce highly textured films. We emphasize that this
36 d implies that rheological measurements that yield

Atex > Aty = — = 36U— (4)  effective viscosities of nanoparticle suspensions pro-
Y W vide useful information for the design of coating tools.

Taking the formation time Af# of the nanosheet
textures into account, i.e., equation (1), allows the
following time consideration to be written:

SH
C—
-
~
SV
Il
3

N
|
|

Coating
Fluid supply

Back / / / / P / / / Front

meniscus Net flow = 0 Net flow # 0 meniscus

NAv o v e

—_—>

Couette Hagen-Poiseuille Couette  Hagen-Poiseuille
flow flow flow flow U

w

Fig. 6: Schematic representation of the coating flow of a slot die intended for coating flow considerations. The scheme was
redrawn according to Dongari et al.?®
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To coat nanosheet suspensions appropriately to
produce foils with good barrier layers, it is essential
to choose a suitable slot die design for the requested
layer thickness A, according to equation (8). We
employed a slot die with lip length /= 600 um allowing
to coat layers of &~ < 25 pm. Therefore, the require-
ments discussed above were fulfilled. The coating and
drying process was performed using the equipment
shown in Fig. 7 that can easily be adapted to large scale
and high throughput at an industrial level. A NaHec
suspension (6 wt%) was coated onto a corona pre-
treated PET foil with a coating gap of 50 pm yielding a
wet film thickness of approximately 25 pm. In addition,
a slow web velocity U,, of 0.2 m min" was applied to
guarantee sufficiently experimental time At., for the
formation of aligned nanosheet textures in parallel to
the substrate already within the shear field of the slot
die. In this way, a 1.5 pm thick clay-only barrier
coating consisting only of overlapping NaHec na-
nosheets was obtained as visualized in the SEM image
(Fig. S4). Apparently, this hints at the sufficient inert-
ness of the shear oriented textures upon drying and
solvent removal. The NaHec nanosheets are perfectly
aligned with respect to the PET substrate.

The quality of texture of the NaHec coating was
investigated by 2D SAXS measurements (Fig. 8a). The
sample was oriented parallel to the beam direction.
The weak halos along the g,-axis are characteristic of
the PET substrate and appear vertically to the beam
direction (compare Fig. S5). In parallel with the PET
domains, 001 Bragg reflections of the 1D crystalline
NaHec films are visible along the g,-axis, indicating
parallel arrangement of the NaHec nanosheets relative
to the PET substrate. The absence of other peaks in the
2D SAXS pattern proves that the clay nanosheets are
aligned perfectly parallel and no other orientation is
present. For comparison, the inset at the bottom half
shows the theoretical scattering of perfectly aligned
disks (R =10 pm, & = 1 nm, dyy; = 1.3 nm). The SAXS
data thus confirm that a perfect texture was achieved

1: Syringe pump system

2: Moving vacuum table

3: Height adjustable slot die
4: Dryer unit

5: Laminar flow box

6: Compressor

7: Control unit

Fig. 7: Sketch of the coating and drying facility. The inset
shows the operating slot die (TSE Troller AG)

by shear orientation below the slot die during the
coating process, and moreover, that this texture is
preserved upon drying of the wet film.

Furthermore, the NaHec film was equilibrated at
43% r.h. and subsequently analyzed by powder X-ray
diffraction (PXRD). A series of basal reflections was
visible up to fourth order with a low coefficient of
variation (CV) of 0.1% (Fig. 8b), which according to
Meuring’s rules™ indicates a perfect 1D crystallinity
with constant separation of adjacent nanosheets. The
broad peak at 26° 20 marked with an asterisk arises
from the PET substrate (Fig. S6). The basal spacing of
12.6 A, moreover, agrees within experimental error
with the value observed for pristine, as synthesized
NaHec." This together with the low CV indicates that
upon drying a perfect 1D “‘single crystalline” film was
formed by restacking cofacially aligned nanosheets
into a perfectly textured Bragg stack oriented parallel
to the PET foil as already indicated by the SAXS data.
Faults in the 1D periodicity caused by misalignment or
inclusion of crumbled or folded nanosheets or larger
voids could not be detected. This is further corrobo-
rated by the high transparency of the NaHec coating
(Fig. 8b inset), as larger voids would cause scattering.

According to the tortuous path model''"'? and in
addition to the aspect ratio of the filler, the quality of
texture plays an important role in achieving superior
gas barrier properties, and the perfect parallel align-
ment of nanosheets is expected to produce films with
low permeability. And indeed, the clay—only films
produced by slot die coating showed oxygen transmis-
sion rates (OTRs) comparable to vacuum-deposited
aluminum coatings (Table 1).?° All OTRs were mea-
sured at 23°C and equilibration to the applied r.h. was
guaranteed.

The OTR of neat PET could be decreased by a
factor of more than 20 at 50% r.h. and 23°C by
applying this thin coating (1.5 um) of NaHec. Absolute
transmission values are relevant for industrial applica-
tions, but they depend strongly on the thickness of the
investigated barrier liner. For better comparison with
other materials, transmission rates were converted into
permeabilities by multiplying with the overall thickness
of the coated PET foil. Moreover, the contribution of
the PET substrate to the total OTR is subtracted by
applying a series expansion according to Roberts
et al?’ Thereby, an oxygen permeability (OP) of
2.2 cm® pm m™ day! bar”' was obtained for the neat
NaHec coating, which surpasses that of commonly used
polymer materials in the packaging segment by orders
of magnitude. For instance, the OP for PET applied as
substrate is 1321 cm® pm m™ day bar” and that for
poly(vinyl chloride) is ~ 2000-8000 cm® pm m™
day! bar!  (2-8 cm® mm m™ day! bar?!,  respec-
tively)*® at 23°C and 50% r.h. Quite surprisingly and
despite the known increased swelling of NaHec at
elevated r.h.,” the OP of the NaHec coating at 23°C
and 90% r.h. deteriorates by only 80%. The observed
OP of 3.9 cm® ym m™ day™' bar at this r.h. indicates a
lower moisture sensitivity as  hydrophobized
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Fig. 8: (a) 2D SAXS pattern of NaHec films on PET measured in parallel geometry. The inset at the bottom half shows the
theoretical pattern with a 007 Bragg reflection at 1.3 nm (b) PXRD pattern of NaHec coating. The inset shows transparent

PET (top) and NaHec (bottom) films

Table 1: OTRs of slot die coated NaHec films (1.5 pm)
measured at 23°C and different r.h.

Film OTR/ cm® m?2 day™ bar”
23°C, 50% r.h. 23°C, 90% r.h.

PET (36 um) 36.7 33.0

PET (36 um) + NaHec 1.4 24

poly(ethylene-co-vinyl alcohol) (EVOH). An EVOH
type with an ethylene content of 27 mol%, typically
used for food packaging, shows an OP deterioration b
a factor of ~85 in the range between 50 and 90% r.h.

Comparing our results with previously published,
clearly inferior OP of synthetic LiHec coatings
obtained by doctor bladin% on polypropylene substrate
(60 cm® pm m™ day™ bar” at 23°C and 50% r.h.),*
would indicate that optimized processing by appropri-
ate slot die coating makes a major contribution to the
excellent barrier performance.

Inorganic NaHec clay—only coatings in combination
with the studied slot die coating process are a green
and smart solution to producing high oxygen barrier
layers that provide stable protection towards gas
permeation at elevated r.h.

3

Conclusions

Viscosity—shear rate distributions give valuable insight
into the kinetics and the required shear stress for shear
orientation of nanosheet suspensions. The formation
time of these textures is inversely proportional to the
applied shear rate in a plate—cone rheometer. With this
information, a relation could be deduced that in turn
allows for designing slot dies that assure shear orien-

494

tation of nematic nanosheet suspensions within the
geometry of the slot die. Applying such a slot die to
high aspect ratio NaHec nanosheets suspensions,
perfectly aligned 1D “‘single crystalline” wet films can
be obtained with sufficient inertness to maintain their
orientation for a long enough time allowing to obtain
textured dry films. Slot die coating, therefore, repre-
sents a technically benign coating process appropriate
to obtain perfectly textured nanosheet films as required
for barrier coatings.
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