







































































































































































































































































































































































































































































































































































Chapter 6. Silicon Oxide Gas Barrier Coatings on Polyester Films: Effect of the Substrate

The compressive stress in the films is shown to improve the observed properties of the
coatings slightly, by a similar degree for each substrate. The coating on PET is found to
have inferior strength than the other films and the lowest crack onset strain and f values
are observed for this sample. It is interesting to note that the values of the Weibull shape
parameter, a, are approximately equal within error (which for some samples is large due
to the difficulty of obtaining sufficient data in the early fragmentation stage) and are all
above ten. This shows that the coatings are good quality ceramic materials with a
relatively narrow distribution of failure stresses and therefore a narrow range of defect
size. The values of a reported in the literature for SiOx coatings tend to be much lower
(<10) [168, 170, 171]. Figure 6.12 shows how the values of alpha and beta affect a
cumulative distribution function (cdf) for probability of failure P(f) of coating fragments,
as a function of stress. An increase in alpha shifts the cdf to the right and results in a
lower range of failure stresses, an increase in beta expands the cdf to the right and results
in a higher range of failure stresses but only towards the high stress region (effectively

increasing the average fragment strength).

Alpha =5
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e a|pha = 2 =05
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Figure 6.12 The effect of alpha and beta on the cumulative distribution function for the probability of
coating failure as a function of stress. (For fragment length = 1 pm).
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6.5.1.1 A note concerning the error bounds for fragmentation test data

Only 3 fragmentation tests were performed for each sample, due to severe time
constraints on equipment access in Lausanne, making it difficult to obtain results that
were statistically significant. The values of COS, a, and f in Tables 6.10-6.12 are simply
the mean of three experimentally determined values with the maximum deviation of the
raw data from this value giving the precision. For the quoted values of 6,,.(/.), the value
for each of three samples was calculated from each sample’s respective values of a, f and
l., and then the mean and precision was determined as before. For the intrinsic values of
COS and strength, the error limits were taken to be the same and the mean value of
internal stress for each sample was used in the calculations. The variation in the value of
internal stress has little impact on the calculated values of COS* and amax*(lc) and was
ignored. In Tables 6.13 and 6.14 the value of CDs,, 1s simply the mean of 3 individual
measurements and the error limits are the maximum deviation from the mean. The IFSS
has been calculated for each sample from its respective measured variables and the
average and error value determined as mean and maximum deviation of the resulting
values. Error in the coating thickness was not accounted for but the thickness should be
the same on each substrate (for identical processing conditions) — we are more concerned
with comparing substrate effects, not necessarily the absolute values. For silicon wafers
coated simultaneously with the film, the measured thickness was found to be very close

to the quoted values and the range of error sufficiently small not to include it in the

calculation of interfacial shear strength.
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6.5.2 Fragmentation testing of Batch 2 samples

Fragmentation testing was performed for each of the three different thicknesses of silica
on each substrate and we concentrate in this section on the thickest and thinnest samples
(1000 and 200 nm respectively). The properties of the 400 nm SiO, are practically
identical to the 200 nm layers and are not reported in detail to avoid repetition. As we
saw In Section 6.5 there are large differences in the internal stresses for each substrate
and thickness so that the intrinsic material properties, COS* and 6,4, *(!..), will give more
useful comparison between the substrates than the observed properties. For the 200 nm
thick SiO, coatings it is seen that the deposit on PET has the largest crack onset strain
and the highest strength of all the samples. However, this is due to the large amount of
internal stress in this coating so that the intrinsic properties are actually the worst out of
this sample set. This could be a result of the formation of defects caused by thermal
motion of the polymer at the substrate surface during the initial deposition pass. The
filled PET has the worst observed properties but because of the negligible stress
measured in the TD for these films, the intrinsic strength and crack onset strain turn out
to be the best. This is a clear indication that for these materials the filler particles do not
promote defects in the SiOy and that the F-PET film actually enhances the structure of the
coating in some way, although the difficulties in measuring the stress for this film make
this conclusion far from secure. Another important note to make about these films is the
high values of alpha observed for the coatings — indicative of a high quality of ceramic

with a very narrow range of failure stresses.
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Table 6.11 Mechanical properties of 200 nm thick SiO, films on polyester substrates.

Substrate COS (%) | COS* (%) a B (GPa) Omax(l) Omax ¥(1)
(GPa) (GPa)
PET 1.84+0.12 | 1.11£0.19 29+ 7 1.90+0.14 | 1.68+0.09 | 1.12+0.14
F-PET 1.49+0.11 | 1.43+0.11 235 1.56+0.16 | 1.39+0.16 | 1.34+£0.18
HS PET 1.67+£0.27 | 1.27+0.29 31+6 1.64+£022 | 1.48+0.2 | 1.17+£0.22
HSPET P | 1.58+0.08 | 1.27+0.08 211 1.63+0.02 | 1.46+0.01 | 1.22+0.01
PEN 1.74+£0.2 | 1.45+0.21 27+9 1.71+£0.15 | 1.52+0.17 | 1.30+0.2

The plot in figure 6.13(a) shows how in general thicker films fragment earlier and more

slowly than thinner ones, which is due to the wider size distribution of the defects in the

thicker coatings (data taken for SiO4 coatings on F-PET). Thinner films also exhibit a

much higher crack density at saturation.
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Figure 6.13 (a) Plot of CD against applied strain for 3 thicknesses of SiO, coating on F-PET, (b) Plot of
CD against applied strain for 1 pm thick SiO, coatings on different substrates.

Plot 6.13(b) shows the different fragmentation characteristics for 1 um-thick coatings on
four substrates with the superior properties of the HS PET P composite being noticeable.
The coating on the F-PET substrate is seen to behave particularly poorly and even after
stresses are accounted for is the weakest coating at that thickness (Table 6.12). The
properties of the films are inferior at 1 pm thickness than 200 nm, with a lower observed
value of alpha that results in lower crack onset strains and cohesive strength of the
fragments at critical length (due to their size). The exception to this is the coating on the

HS PET P substrate that actually displays comparable properties at each thickness of

SiO,, despite the lower alpha value.
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Table 6.12 Mechanical properties of 1 micron thick SiO, films on polyester substrates.

Substrate COS (%) COS* (%) a p (GPa) Omax(l) Omax ¥(1,)
(GPa) (GPa)
F-PET 0.92+0.05 | 0.85+0.05 8+3 1.65+0.24 | 1.00£0.03 | 0.95+£0.02
HS PET 1.26 £0.16 | 0.84 £0.15 10+ 1 2.04+£0.57 | 1.39+0.26 | 1.07£0.27
HSPET P | 1.61 £0.11 | 1.16£0.12 9+2 244+031 | 1.66+0.11 | 1.31 £0.12
PEN 1.16 £0.06 | 0.99 +£0.06 8+2 2.14+£0.47 1.3+0.1 1.17+0.1

The mechanism of the coating process may help to explain the poorer performance of the
thicker coatings, and the more noticeable substrate effects observed. The 200 nm coatings
can be thought of as being formed of two 100 nm thick layers, as this is the thickness of
SiO4 deposited in each pass. The 1000 nm coating on the other hand would in effect
consist of 6 x 167 nm thick layers. It may well be that for these coatings the web speed
and number of passes is an important factor in determining coating properties,
particularly the speed of the initial pass where the coating is deposited upon the virgin
polyester. A pertinent factor may be the heating effect caused by deposition, which
increases the temperature at the polymer surface to or above the region of T,. Such
heating may cause relaxation of constrained amorphous chains and in addition could
induce crystallisation at the surface. The molecular motion of polymer chains at the
surface may be responsible for creating defects in the interfacial region. For the thinner
coatings (200 and 400 nm where the substrate passes through the deposition zone more
quickly) this heating will be less severe and the volume of the coating deposited in the
initial pass that experiences any adverse effects due to polymer motion or crystallisation
will also be less than that for the 1000 nm coating. The deposition of the latter will cause
more substrate heating due to the slower web speed and there will be a larger volume of
coating deposited on the initial pass that would be affected by such substrate effects.

Therefore the heat stabilised PET and PEN composites see less deterioration in quality
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than the filled PET as they are more resistant to heat. Both 200 nm and 1000 nm coatings
on the primer-coated HS substrate exhibit almost identical mechanical behaviour,
indicating that the primer surface is not adversely affected by the heating experienced
during deposition. Maybe, because the temperature of deposition is greater than the 7, of
the acrylate, the surface of this film will be soft and allow the oxide to stick easily and
form a dense layer without the acrylate molecules contracting and moving the initial SiOy
deposits around. It is assumed that the acrylate chains are unoriented, due to the heat
stabilisation step after the drawing process. Consequently, they are not expected to relax
during deposition, despite the temperature being above the 7, of the primer (the

underlying PET doesn’t shrink either as it is also heat stabilised).

Bearing in mind the multilayer-like structure proposed in section 6.3.2 and the
permeation data supporting it, it is likely that defects don’t propagate through the film so
that the thickness produced by an individual pass controls the mechanical properties and
the defect size. Therefore the 200 and 400 nm thick coatings would be characterised by
the mechanical properties of the initial 100 nm thick layer and the 1000 nm thick coating
by the initial 167 nm thick layer (because the initial layer is likely to have most defects
due to the substrate roughness and polymer chain motion). This is supported by the very
similar properties of the 200 nm and 400 nm thick coatings and the fact that the 167

(1000) nm thick layer still behaves worse than the 100 (200 and 400) nm thick ones.

The crack onset strains and strength of the PECVD coatings compare particularly well

with thinner silica coatings reported in the literature. As an example the 200 nm and 400
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nm thick coatings (and even a 1000 nm thick coating on HS PET P) described here
display very similar COS and 6q(l;) values to 100 nm thick SiO, coatings reported by
Leterrier et al. [161, 168], accounted for by the fact that their behaviour is characterised
by the initial deposit of 100 nm. More recently, coatings as thin as 7 nm have been
fabricated that display COS values up to 6% and cohesive strength of 9 GPa but at

present a relatively poor barrier is a consequence of their thinness [155].

6.5.3 Adhesive strength of the composites

To illustrate a number of important points the results from Batch 1 and Batch 2 will be
reported together and a few general points about the theory and observed values of IFSS
will be outlined. One of the assumptions of the Kelly-Tyson model of interfacial shear
stress is that the stress experienced by the coating is from shear forces, caused by bonds
at the interface as the polymer yields beneath it, and is limited by the strength of the
interface or the polymer under shear, whichever is the weakest (plastifies first). If the
polymer substrate becomes completely plastic then no more stress can be transferred

across the interface to cause further cracks and saturation will be observed (Figure 6.13).
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Figure 6.13 Reflection optical microscopy images of the saturation stage of cracking for (1-r) 200, 400 and
1000 nm thick SiO, on PEN substrate. The tensile load was applied in the horizontal direction.
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It is therefore interesting to note that once internal stresses are accounted for, the intrinsic
interfacial shear strength r* is found to be equal to, or greater than, the substrate shear
yield stress for each composite at any coating thickness and from either batch (Tables
6.13 and 6.14). The shear yield stress, 7,, of the polymer is calculated using the Von
Mises relationship (1, = a_,./\/3 [161] where o, is the tensile yield stress of the polymer
film, reported in Chapter 4). For coated polymers if the IFSS* is similar to the substrate
shear yield stress then it is likely that the substrate is plastically yielding, causing the
interface to plastify, meaning that for SiO, coatings there is a large density of Si-O-C and
Si-C covalent bonds at the interface between polymer and silica, causing a strong bond.
Therefore, as all the values of IFSS are above the substrate shear yield stresses the
adhesion, i.e. covalent bonding between the two layers, is excellent and any observed
differences are due to the mechanical properties of the polymer. This is demonstrated for
the PET and PEN samples where in each case the IFSS is comparable to the respective 7,
values and is consequently higher for the PEN composite although the extent of
interfacial covalent bonding for each composite is probably similar. As the values of
IFSS are similar for each batch and each thickness of coating for a given substrate, the
IFSS data will be explained in terms of the substrate properties. The effects of the

substrate surface mechanical properties on the IFSS are summarised in Figure 6.14.

Table 6.13 Interfacial shear stress of PECVD SiO, coatings on polyester films-Batch 1.

Substrate CD;y (mm”) 7 (MPa) * (MPa) 7, substrate
(MPa)
PET 81 <7 68+ 17 58 = 16 ~ 58
HS PET 88+ 8 97+ 6 84+5 ~ 5
HS PET P 116+ 4 125+ 6 110£6 )
PEN 77+ 6 89 + 8 76 +7 ~ 80
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Table 6.14 Interfacial shear stress values for SiO, films on polyester substrates - Batch 2.

Substrate Thickness | CDy, (mm™) | © (MPa) | * (MPa) 7, polymer
(nm) (MPa)
PET 200 217+ 15 93+ 13 60+ 13 ~ 58
Filled PET 200 307 £ 46 114 £ 19 103+ 18 ~ 58
HS PET 200 342 £ 20 135+ 15 107 £ 15 ~52
HS PET P 200 423+ 7 163 +£2 138 £2 ~52
PEN 200 294+ 6 120+ 14 102+ 14 ~ 80
Filled PET 1000 63+2 84 +4 79 + 4 ~ 58
HS PET 1000 62+7 116 + 33 89 + 33 ~ 52
HS PET P 1000 69 £ 15 152 +24 120+ 17 ~ 52
PEN 1000 55+38 94 + 10 85+9 ~ 80

The IFSS is much greater than the estimated shear yield stress of the substrate for the
heat-stabilised PET film. This is most likely a result of the increased degree of
crystallisation detected at the surface by AFM phase and force-distance measurements,
but which may not be present throughout the bulk. A high degree of crystallisation is
known to increase the tensile yield stress (hence shear yield stress) of PET [34] and may
also encourage strain hardening of the polymer. No elevated yield stress or strain
hardening in the saturation regime (10-15% tensile strain) is observed for the HS PET
film during tensile testing but this is probably due to the relaxed bulk amorphous phase
and the localisation of the increased crystallinity at the surface of the film, as also
reported in the literature [240, 241]. It appears that the crystalline surface morphology
caused by heat treatment strengthens the polymer in the interfacial region allowing a
superior IFSS to be observed that matches that of PEN. Similarly, the IFSS for filled PET
is greater than that of the plain PET and the shear yield stress of the F-PET substrate -
this may again be explained by the increased crystallinity at the surface of the film

witnessed by AFM both in this thesis and also by other authors on similar films [175].
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Figure 6.14 Proposed mechanical behaviour of the polyester substrates in the strain regime of the
fragmentation test. The curves represent the characteristics of the near surface regions of the polymers.
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Figure 6.15 Slmphﬁed schematic of the structure of polymer substrates at the interface to explain
mechanical properties in Figure 6.14.
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6.5.3.1 The case of the acrylate primer layer

The addition of the primer layer to the HS PET causes the IFSS to increase to above 110
MPa and a much higher CDy,, is observed for this composite. Such a high IFSS value
could be due to the increased functionality of the primer surface (shown by XPS and
water contact angle measurements) resulting in substantially increased covalent bonding

at the interface, but the acrylate itself must also have superior mechanical properties.

The properties of acrylate “latex™ films are not well understood although recently more
literature has been devoted to aspects of their formation and structure [261, 262], if not
their mechanical properties. In this case the acrylate is a terpolymer which contains
mainly MMA (PMMA is a glassy polymer [263]) and ethyl acrylate (polyethylacrylate is
an elastomer [262, 264]) with an appreciable amount of methacrylamide to facilitate
crosslinking. There are also significant quantities of crosslinking agent and surfactant in
the film and overall it is difficult to predict the structure and mechanical properties of this
layer. There are a number of morphologies of acrylate latex films reported in the
literature [262, 265], depending on the synthesis of the polymer and recipe of the
emulsion, with random “blocky” morphology. core/shell particles and dispersion of
particles in a matrix all reported (Figure 6.16). It is likely that in our case the acrylate is a
random copolymer as the measured Ty is intermediate between the values of the two
monomers. However, there could be a degree of phase separation of (P)EA and (P)MMA,
suggested by the large variation in snap-off displacements reported in the AFM force

distance measurements (Chapter 4) and elements of structures 6.16(b) and (c) may also

be present.
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Figure 6.16 Possible morphology of acrylate coating: (a) random block coploymer particles in a copolymer
matrix, (b) core/shell particles, (c) PMMA particles in a PEA matrix.

The acrylate is thought to exhibit elastomeric behaviour, as it is likely to be highly
crosslinked and contains EA, which would explain why the IFSS value is so large
(although the temperature the fragmentation test takes place at is below the 7, (50°C) of
the acrylate, and hence one would expect it to be glassy, the same could be said for PET
and PEN which yield plastically despite 7,’s higher than the acrylate). By considering the
stress-strain behaviour of a highly crosslinked rubber (Figure 6.14) it can be seen that the

hardening observed for such a material at a higher strain would lead to a high value of

IFSS.

Much more work is required to confirm that elastomeric behaviour is exhibited for such
thin acrylate films and that this is responsible for the high IFSS observed but it seems to
be the most reasonable explanation given the available data. Unfortunately, no work has
been published on the mechanical properties of crosslinked acrylates containing EA and
MMA so it is difficult to verify this suggestion. It has been suggested that (uncrosslinked)
P(MMA/EA) films may exhibit elastic behaviour [266, 267] and it has been shown [268]

that copolymerising EA with polystyrene (a glassy polymer like PMMA) leads to a softer
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polymer than the PS by itself, but no elastomeric behaviour was observed for the

copolymer which may be due to a lack of physical or chemical crosslinking.

Finally, an interesting observation made for 1 pm thick SiO, layers on primer coated PET
that hadn’t undergone heat stabilisation was that delamination occurred after a few weeks
of storage and the coating just flaked off the substrate. It appears that a heat treatment is
necessary to make the primer a useful adhesion promoter for these silicon oxide films.

AFM images of the acrylate coating with and without heat stabilisation are shown in

Figure 6.17.

Figure 6.17 AFM image of primer coating — a) with a heat stabilisation stage; b) without a heat
stabilisation stage.

The primer that is not heat stabilised appears to have retained a latex particle
morphology, with a layer of roughly spherical particles apparent, whereas the heat
stabilised film displays a more continuous structure with less uniformly shaped and
organised particle features. It is a possibility that the extra heating stage (incidentally
above the T, of any “hard” PMMA phase) allows diffusion of polymer (including
crosslinked regions) from the particles [262, 269] causing them to coalesce with the

matrix to form a continuous elastic phase, that also undergoes further thermal
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crosslinking, and is able to harden in the relevant strain regime. Much more work is
required to investigate the properties of these acrylate films as substrates for vacuum

deposition, particularly if such a simple heating stage can induce such a large change in

properties.

6.6 Summary

In this Chapter highly effective silicon oxide gas barrier coatings have been reported that
can reduce the rate of water vapour permeation through a polyester film by up to 5000
times. The coatings are so effective because they are relatively thick and deposited in a
series of layers, which results in the decoupling of defects throughout the structure. For
the thickest coatings the water molecules must diffuse through highly tortuous pathways,
while chemically interacting with the oxide, thereby increasing dramatically the diffusion
path length required in traversing the coating. There are very few large-scale defects
evident and the SiOy is conformal to the substrate surface with excellent coverage of
features such as filler particles. In addition, the high level of carbon present in the coating
structure lends it a flexible, organic character that means that stress-induced cracking and
defects are not a concern. Barrier to water vapour increases as the thickness increases and
it is possible that the critical thickness could be beyond 1000 nm. The mechanical
properties of these coatings are impressive when the thickness is taken into account, with
equivalent crack onset strains and cohesive strength to much thinner SiO4 coatings
reported in the literature. The adhesion of the coatings to the substrate is good in all cases
and is not an area requiring improvement. [n the case of the 2" Batch of coatings, which
are superior to the Batch 1 films in all respects as a result of a more intense plasma

source, the coatings show good transmission of light which means that they show
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promise for applications where transparency is important. Equally promising is the ability

to deposit excellent silica films by the PEVCD method on a roll-to-roll system (albeit

over a relatively thin web and rather slowly) — something that has been difficult to

achieve in the past.

It has also been observed that the choice of substrate can seriously impact the properties

of the composite structure and it seems that the surface properties in particular dictate

how well the coating behaves mechanically and as a permeation barrier. In summary:

Deposition temperatures are estimated to be 80-100°C (above the T, of PET)
which is thought to lead to relaxation and/or crystallisation of oriented molecules
at the surface of a standard PET film as the coating nucleates and grows. This
nanoscale movement is thought to cause a silica structure riddled with defects that
consequently displays inferior barrier and mechanical properties.

A more crystalline substrate surface structure, as observed for heat stabilised and
filled PET films, results in a coating with superior properties to one on a plain
PET film as there are fewer oriented amorphous chains that relax during
deposition in these substrates. The benefit of increased crystallinity is also
manifested by a superior IFSS in these films.

Filler particles are not found to be detrimental to the composite’s performance,
indeed coatings on this substrate match or outperform those on plain PET. Atomic

shadowing is thought not to be a problem on these films because the substrate is
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mobile during deposition and high energy PECVD species are able to move
laterally across the surface.

o The addition of an acrylate primer layer to HS PET leads to a composite structure
that has excellent barrier and mechanical properties. The acrylate has a low 7, and
is thought to be elastomeric so that during deposition it presents a soft, “sticky”
surface that the silica nucleates on to form a dense layer. Due to the fact that it is
not highly oriented, the acrylate chains do not contract and move the nucleating
S10y around. The relatively polar surface and mechanical properties of the primer
layer lead to a much increased interfacial shear strength for silica films on this
composite. The heat stabilisation stage may be necessary for these effects to be
observed.

e Coating a PEN film is found to result in a superior composite than for PET due to
its impressive thermal and mechanical properties. Coatings on this film rival those
on the HS PET P film as the best studied here. Interestingly, these two films are
the roughest on the nanoscale (as are the SiO4 layers deposited on them)
indicating that roughness on this scale is not detrimental to the performance of the

coating.

Finally, it has been shown in this chapter that to obtain the best flexible gas barrier
material possible it is not sufficient just to concentrate on the deposition method and
processing parameters to get a superior thin film. The polymer substrate must also be

chosen wisely, particularly with regard to thermal, mechanical and, to some degree,
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barrier properties as it can influence the gas barrier performance of the composite a factor

of 100 times or more.
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Chapter 7. Conclusions and Suggestions for Further
Work

The aims of this thesis were to investigate novel gas barrier coatings on polyester film
and the effects of modifying the substrate on the properties of the deposited coating. The

main conclusions of this work are detailed, followed by suggestions for future

development.

7.1 Conclusions

1) Plasma pretreatment increases the adhesion of the coatings to the substrate and
reduces the pinhole density.

Chapter 5 presented an investigation into plasma pretreatment of the polymer surface,
showing that the surface became more hydrophilic with an increased density of functional
groups that led to increased interfacial bonding and adhesion between the polymer and
both sputtered aluminium and PECVD-SiOy layers. No obvious difference in coating
microstructure was observed for either the Al or SiO4 coatings on treated or untreated
PET film, suggesting that this factor is controlled by the deposition process or that there
are already sufficient nucleation sites prior to plasma treatment and adding more is
unnecessary (the spacing of functional groups is very much smaller than coating grain
size). Instead, plasma treatment is useful for reducing pinhole density in aluminium
layers by etching away debris. Although oxygen plasma is more effective than argon in

adding more functionality and increasing the hydrophilicity of the surface, the
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improvement in adhesion and mechanical properties for the PET/SiO, composites was

the same for both plasma species.

2) Depositing SiOy in multiple layers leads to excellent gas barrier properties.

In Chapter 6 a novel R2R PECVD process was reported that deposited SiO, films with
excellent barrier to water vapour permeation — in fact a transmission rate of 2 x 107 g m™
day™ is reported for a I pm thick film, lower than literature values for equivalent coatings
(of uniform composition throughout its thickness). The high thickness of these films is a
crucial factor as the coating is deposited in multiple passes that ultimately leads to a
“multilayer™ like structure that decouples defects and results in highly tortuous
permeation pathways. The water molecules may also chemically interact with the silica,
but not extensively. The high level of carbon in these films causes them to have low
levels of internal stress and impressive mechanical properties. Again, the multilayer
structure is beneficial as the mechanical properties are controlled by the thickness of
individual layers rather than the whole thickness meaning that 200 nm, 400 nm and 1 pm
thick layers show comparable properties to 100-150 nm thick coatings reported in the
literature. The adhesion of these coatings to the polyester is high, indicating a high

density of Si-C and Si-O-C covalent bonds. As such, the PECVD process shows high

promise in the production of transparent, flexible ultra high barrier materials.

3) Substrate surface roughness affects the morphology of the coating but not

necessarily the barrier properties.

196



Chapter 7. Conclusions and Suggestions for Further Work

The topographies of a range of polyester films were studied by AFM and it was found
that filler particles significantly roughened the surface, as did an acrylate primer coating.
A heat stabilisation step increased the roughness over that of a plain PET film due to
crystallisation. Conversely a coextruded amorphous PET layer was found to be the
smoothest. The surface roughness was found to often affect the microstructure of the
coating. For sputtered 50 nm thick TiO, films, filler particles in the substrate caused
defects to form adjacent to them, due to atomic shadowing. The same coating on the
amorphous PET caused significant thermal shrinkage of the substrate as the oriented
chains relaxed. However, a 10 nm coating on the same substrate resulted in no shrinkage
and a smoother and finer microstructure than that on BD PET was observed. Thermal
shrinkage of the aPET substrate was also observed for PECVD coatings and it is
concluded such a film is unsuitable for vacuum deposition, unless the coating is
extremely thin and heating is minimal. Even though surface roughness affected the
microstructure of PECVD Si0y coatings — rougher substrates resulted in rougher coatings
with larger grain sizes — no adverse effect was observed in terms of gas barrier or
mechanical properties. In fact the best coatings were observed for the two roughest
polymers on the nanoscale. SiOy layers conformed well to the substrate and no

discernible defects were caused by filler particles.

4) The surface thermal and mechanical properties are found to be the most
important substrate factor in determining how a well a barrier coating performs.
For PECVD SiO, coatings in Chapter 6 the films deposited on BD PET, and to a lesser

extent filled PET, were inferior to those on heat stabilised PET with or without a primer
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layer and PEN. An explanation for this is that the temperature the polyester film
experiences during deposition is close to, or above, the 7, (80°C) which causes the
oriented chains in a drawn PET film to relax (or crystallise), particularly at the surface.
The movement of these molecules during deposition causes the initial deposits to move
laterally across the surface resulting in a structure that possesses many defects. This
process is responsible for the high levels of stress and the poor barrier and mechanical
properties of coatings on the PET. The low thermal shrinkage of the heat stabilised PET
(due to relaxed amorphous regions and high crystallinity) and high 7, of the PEN films
result in superior coatings on these substrates. Superior mechanical and adhesive
properties are observed when the coating is deposited on the HS PET with an additional
acrylate layer. The acrylate primer layer is a highly crosslinked terpolymer that, despite a
low T, does not relax upon heating as it is likely to be relatively unoriented. A heat

stabilisation step may be necessary for the acrylate layer to be beneficial.

5) To achieve optimum barrier performance, correct substrate selection is just as
important as the deposition technique.

It was demonstrated in Chapter 6 that a significant improvement in gas barrier (>100) and
mechanical durability could be achieved for silicon oxide coatings by simply replacing a
biaxially drawn PET film with a heat stabilised film (with or without a primer layer) or
with PEN. Such an improvement in barrier due to substrate influence is comparable to

that caused by deposition of a coating onto a bare polymer surface in the first place.
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7.2 Suggestions for Further Work

1) Barrier Coatings — In the case of the PECVD SiO, coatings reported in Chapter 6
there are several avenues that are worth following up. For the fabrication of these films it
would be useful to increase the web speed and width that are currently used if the process
is to be commercially viable. It would also be useful to see if much thinner layers could
be deposited as good barriers by depositing several layers of 10~20 nm thickness to get
the multilayer effect at a minimum thickness. To check that the multilayer structure is a
good explanation of the high barrier observed for the thicker coatings it would be
instructive to compare them to a similar thickness of silica deposited in one pass by the
same method. On a similar theme, by conducting a series of runs at different pass speeds
it should be possible to determine whether the poorer mechanical performance of the
1000 nm thick layers, compared to 200 and 400 nm ones, is due to the slower web speed
and increased substrate heating. A thorough understanding of what form the carbon takes
in these films would also be useful and could possibly be achieved by IR or solid state

NMR to characterise the chemical bonding in the ceramic.

2) Polyester Substrates - For the polyester substrates two points stand out. First, does
the heat stabilisation process affect the bulk and surface crystallinity to different extents?
This could possibly be solved by x-ray diffraction studies or ATR-IR depth profiling
techniques and include an investigation over a range of temperatures. Secondly, much
more needs to be known about the acrylate layer — particularly the mechanical properties,
composition and morphology — if we are to fully explain why it improves the coating

properties. The effect of changing the composition of the acrylate layer (proportion of EA
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to MMA, use of different monomers, various heat treatments) on the properties of the

acrylate would also be worth investigating.

3) Substrate Effect - Another useful experiment would be to monitor the orientation of
the amorphous phase before and after deposition to see if it decreased due to chain
relaxation, possibly using fluorescent probes or a combination of infra red spectroscopy
and X-ray diffraction. Such work would substantiate some of the claims made in this
thesis but it would be difficult to differentiate what was happening at the surface with that
in the bulk. The influence of the acrylate coating that has not undergone an additional
heat stabilisation step also requires further scrutiny to confirm that it promotes
delamination of the coating from the polymer and to explain why it may do so. Further
clarification as to whether filler particles are detrimental to coating performance,

particularly with respect to thinner PVD coatings, is also required.
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