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Thermodynamic and Micromechanical
Approaches to the Adhesion between
PolyethyleneTerephthalate

and Silicon Oxide

Y. LETERRIER, P. SUTTER and J.-A.E. MANSON*

Laboratoire de Technologie des Composites et Polyméres,
Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

(Received 27 October 1997 In final form 13 April 1998)

The adhesion between different types of polyethylene terephthalate (PET) substrates
coated with thin silicon oxide (SiO,) layers is examined using two alternative ap-
proaches. The surface of the polymer was hydrolyzed or silylated prior to the deposition
of the oxide layer, to be compared with untreated PET. The first approach is the
thermodynamic adsorption model from which are defined the dispersive and polar
components of the polymer surface energy, obtained from wetting measurements. The
second approach is the micromechanical analysis of the interface stress transfer which
provides the interface shear strength from the measurement of the density of coating
cracks vs. applied tensile strain. The hydrolysis treatment slightly hydrophobizes the
PET surface; however, it does not significantly modify the interface shear strength com-
pared with the untreated material. By contrast, the silane treatment improves the polar
component of the PET, which is related, to a first approximation, to the measured 30%
increase of the interface shear strength compared to the untreated material.

Keywords: Polyethylene terephthalate; silicon oxide; hydrolysis; silylation; interface
shear strength; dispersive interaction; polar interaction

1. INTRODUCTION

Silicon oxide coated polymers have found large interest for food and
pharmaceutical packaging industries {1 - 3], thanks to recent progress
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in the development of plasma-assisted deposition techniques [4]. These
oxygen-barrier materials exhibit excellent tolerance for the thermo-
mechanical stresses encountered during the various conversion pro-
cesses present during manufacture of the package. In the fabrication
process, films are subjected to several heating and cooling cycles as, for
instance, during lamination and welding with other polymer films, or
during subsequent sterilization. These operations introduce complex
internal stress states in the different layers, and might also change the
structure of the semi-crystalline polymers [S]. Moreover, folding of the
multilayer film strains the material at strain rates as high as several s™'.
In these operations, the limiting factor is the durability of the oxide
barrier layer: it must not crack or detach from the substrate. A crack
in the oxide layer does not by itself deteriorate significantly the barrier
performance, providing that the substrate is not strained beyond
approximately 3% strain [5]. Cracks are primarily controlled by the
cohesion of the oxide material. The cohesion depends obviously on the
deposition conditions [6, 7]; it is higher when the oxide layer is thinner,
and is improved through the introduction of compressive stresses,
either during deposition [8], or with appropriate annealing treatments
[S]. Conversely, the delamination of the layer opens a large window for
oxygen penetration and should, therefore, be avoided. Delamination is
controlled by interfacial adhesion. Recent works have shown that the
interfacial shear strength in SiO,/PET films in comparable with, or
even slightly higher than, the bulk shear stress of the polymer
substrate, thanks to the strain hardening of the PET in the plastic
regime [5]. Combined with ToF-SIMS analyses that showed that
failure occurs at the interface, and is of adhesive nature [9], this resuilt
indicates that the adhesive strength of the interface is as high as the
cohesive strength of the polymer substrate. Nevertheless, delamination
was detected in the form of tent-shaped areas when the film was loaded
in compression. Therefore, a need exists to improve further the
adhesion of the oxide layer to the PET substrate.

A considerable number of technological applications use polymers
in intimate contact with other materials, ranging from paints and
coatings to composites. It is well established that the reliability of such
applications depends directly upon the adhesion between the different
materials; the interest in durability of interfaces keeps on increasing as
seen from the increasing body of literature and number of conferences
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on the topic (e.g., Refs. [10, 11]). The mechanisms of adhesion between
a polymer and another material have been extensively stuided,
although only partially elucidated. Among the reasons for this lies
the variety of polymer structures and material combinations, and of
bonding procedures, resulting in a multiplicity of interface structures
and stress states. As a consequence, a large number of adhesion
theories and adhesion measurement methods have emerged since the
early 30°’s and have been reviewed by several authors [12-17].
According to Mittal [15], the most appropriate adhesion measurement
method is the one that simulates stress conditions achieved during
service. This principle is at the base of the development of several
quantitative methods developed together with a mechanical descrip-
tion of the interface stress transfer, to model the test results [18, 19].
However, the practical dimensions and geometry of the manufactured
product together with the often very complex arrangement of the
various material phases, such as in fiber-reinforced composite parts,
prohibit a direct and comprehensive characterization of interfacial
adhesion. Nevertheless, most of the recent techniques have proven to
be useful to determine the effect of specific treatments on adhesion
performance. Adhesion test methods either introduce a third body to
stress the interface or use model specimens to apply thermal or
mechanical loads to the interface without the need for a third body.
The former, developed mainly to assess coating adhesion, include the
tape and similar pull-off methods, and the scratch and indentation
tests, which do not necessarily reflect the buried character of the
interface. The latter type of adhesion methods often use model
specimens, among which the single fiber fragmentation test has been
extensively analyzed {19—-27]. One drawback with such test is that the
manufacture of the specimens inevitably generates inhomogeneous
interfacial structures and internal stress, resulting from polymer flow
and thermal and pressure gradients. The influence of such factors on
adhesion is a priori unknown, although it is recognised that it can be
considerable [19,27], following, for instance, analyses of stress
birefringence patterns in the interface vicinity, and of strain fields by
means of Raman Spectroscopy [26, 27].

A refined understanding of the macroscopic properties such as
adhesion is gained from the analysis of the physico-chemical
interactions involved in adhesion mechanisms. An interesting route
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has been shown to be the thermodynamic adsorption model of Sharpe
and Schonhorn [28]. This alternative and complementary approach to
the mechanical characterizations described above is now widely used,
in the case of an intimate contact between the polymer and the second
phase, where adhesion results from intermolecular interactions acting
on short distances in the order of several A. In this sense, adhesion is
achieved through wetting of one substance onto the other, and related
theories originate from the works of Young [29] and Dupré [30] which
introduce surface energy characteristics of both substances and define
the reversible work of adhesion. Generalisations to the case of solids
expressed the surface energy as a function of the various dispersive and
non-dispersive interactions. Whereas the contribution of the disper-
sive, or Lifshitz-van der Waals, components to the work of adhesion
between the two materials appears to be well at hand [31,32], the
contribution of the non-dispersive components is less clear. Numerous
interactions are indeed of non-dispersive nature; these include dipolar
interactions, hydrogen bonds and other acid-base interactions, and
interactions related to metallic bonds [33]. In the case of polymers, it
has further been established that the molecular surface structure,
mainly segmental orientation, could be affected by the presence of the
substance wetting onto it (e.g., Ref. [34]). Nevertheless, as shown
initially by Fowkes er al. [35,36], the acid-base interaction could
contribute significantly to the overall adhesion.

An interesting correlation between mechanical properties and
interfacial interactions was developed by Nardin and Schultz in the
early 90’s [37—40] for a variety of fiber-reinforced polymer composites.
In these materials, the fibers are embedded within the polymer matrix
and processed together according to an appropriate pressure and
temperature cycle to the desired product. In a recent study devoted to
thin coatings evaporated on a polymer film [41], ie., where the
processing conditions differ substantially from the fiber composite
case, the work of adhesion between polyethylene terephthalate (PET)
and silicon oxide, calculated from stress transfer mechanics combined
with the above approach, was found to be close to 230 mJ/m?2. This
value was in good agreement with the estimated work of adhesion at
the SiO,/PMMA interface [42]. This was a good indication that strong
specific interactions were involved, such as hydrogen bonds, estab-
lished between silanol groups of the oxide and oxygen-containing
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carboxyl groups of the polymer, which nearly double the work of
adhesion of basic polymers to silica [42]. However, in the present
situation, the nature of the plasma deposition process together with
the resulting covalent bonds prohibits the calculation of the work of
adhesion from the surface tensions of the interacting substances.

The aim of this study was to use alternative approaches to charac-
terize the adhesion in the case of oxide coatings processed by means of
plasma-enhanced chemical vapor deposition onto PET. First is the
measure of the dispersive and polar contribution to the polymer
surface energy and second is the micromechanical modelling of the
stress-transfer at the interface. For this purpose, various PET surfaces
were prepared by means of hydrolysis and silylation, and these
controlled surfaces were coated with the oxide under identical deposi-
tion conditions. Correlatively, a second objective of the study was to
investigate the effect of the treatments of the PET surface prior to the
deposition of the oxide coating on both its cohesion and adhesion to
the polymer. Hydrolysis, through an increase of the number of
hydroxyl sites [43], was expected to promote interactions with silicon
oxide. Silylation with appropriate functional silanes, developed several
decades ago to improve interfacial interactions between polymers and
glass surfaces [44,45], was also foreseen to improve the adhesion
between the polymer and the coating.

2. EXPERIMENTAL SECTION

2.1. The PET Substrate and the Surface Treatments

A PET copolymer of M, = 63,500 daltons and polydispersity close
to 2.5 was used (Eastman Chemical 9921 W). The PET substrate was
injection molded from pellets into 1mm thick square plaques
(50 x 50 mm?), subsequently machined carefully into dog-bone tensile
test specimens. Prior to the deposition process of the oxide layer, the
PET was subjected to two different surface treatments. The Young’s
modulus of the PET substrate was measured from tensile tests per-
formed at room temperature at constant strain rate of 4.8 x 107357}
on a UTS machine. It was found to be independent of the surface
treatments and equal to 2500 + 30 MPa. The first treatment was the
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hydrolysis of the PET surface in a sodium hydroxide solution
(¢ = 2M) during 20 min at 60°C {43]. The second treatment was the
silylation of the PET surface in a ~-aminopropyltriethoxysilane (y-
APS, OSi Specialities A1100) during 10min at 60°C. The silane
possesses two terminal groups with different chemical reactivities. It
was, therefore, expected that the primary amino end-group would
condense with the polymer and that the alkoxy end-group would react
after hydrolysis with the silanol functions of the oxide. The untreated
samples were rinsed with ethanol, and the hydrolyzed and silane-
treated were immersed in a hexane solution in a ultrasonic bath during
Smin, to clean the PET surface prior to the deposition. Contact angle
measurements were carried out at room temperature with deminer-
alized water and apolar a-bromonaphtalene to characterize the in-
fluence of the two treatments on the surface properties of the substrate.
Contact angles were calculated by measuring the height, A4rop, and
diameter, dyyop, Of the liquid drop deposited on the substrate by means
of a binocular macroscope (Olympus SZH). When gravity effects are
negligible, i.e., low Bond number values, the contact angle is independent
of the drop volume and is given by 6 = 2 arctant(2/4,0p/ddrop) [46].

2.2. Deposition of the Oxide Layer

The coating deposition was done using plasma-enhanced chemical
vapor deposition (PECVD), originally developed by Airco Coating
Technology (CA, USA) [2, 3]. The method has been widely used in the
semiconductor industry in the fabrication SiO, and Si3N, layers on
microprocessors. In the deposition process, the PET substrate was
mounted in the deposition chamber under 0.1 mbar. The silane source
was hexamethylidisiloxane, pumped into the chamber together with
oxygen and argon. The resulting SiO, stoichiometry was x = 1.8—1.9.
The coating thickness was measured by .X-ray fluorescence and found
equal to 120+ 3nm. The Young’s modulus of the oxide coating was
assumed to be equal to 79.5 GPa. This value had been measured for a
SiO, ; oxide coating, whose modulus was deduced from tensile tests
carried out on coated and uncoated PET films by applying the rule of
mixtures [5].
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2.3. Fragmentation Testing and Morphological Analysis

In the fragmentation test, coated PET samples were loaded in tension
and the resulting fragmentation of the coating was recorded as a
function of applied strain, as detailed in Ref. [5]. The fragmentation
tests were performed at room temperature at a constant strain rate of
4.8 x 107°s~! on a Minimat Miniature Materials Tester (Rheometrics).
The equipment was mounted under an optical microscope (Olympus
SH-2), to measure the increase in crack density (CD) as a function of
applied strain until fragmentation saturation, where CD becomes
constant. The morphology of the fragmented SiO, coating was further
analyzed from scanning electron micrograph (SEM) of samples
strained beyond the saturation onset strain. In order to overcome
charging effects on the SiO, surface, all samples were coated with a
thin gold layer. The JEOL JSM 6300 SEM was operated at 3kV.

3. EXPERIMENTAL RESULTS

3.1. Wetting Measurements

Contact angles of demineralized water and a-bromonaphtalene
measured on the different surfaces are reported in Table 1. The rela-
tively large error on several measurements might be related to the
presence of polar impurities at the surface, as the cleaning with hexane
only dissolves non-polar impurities. A polar solvent such as aceto-
nitrile should alleviate this problem. A significant increase in contact
angles with water is, nevertheless, noticed after the hydrolysis
treatment. The corresponding increase in hydrophobicity is surprising:
such treatment was, on the contrary, expected to increase the degree of

TABLE 1 Contact angles of water and a-bromonaphtalene on various PET surfaces

Contact angle (degrees)

Surface type water a-bromonaphtalene
Untreated PET 69.5+0.3 320+2.0
Hydrolyzed PET 77.0+£14 17.24+0.1

Silylated PET 63.8+2.6 32.5+0.5
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interactions with water through an increased accessability of carboxyl
and hydroxyl groups [43]. Among possible explanations one may
consider molecular weight degradation which would have overcome
the increased accessibility of hydroxyl sites, or the presence of hexane
residues; a more detailed examination is needed at this point. The
decrease in contact angle with apolar a-bromonaphtalene reveals
the enhanced non-polar characteristics of the hydrolyzed surface. On
the contrary, it is observed that the silylation affects only the polar char-
acter of the modified PET surface, which becomes more hydrophilic.

3.2. Fragmentation of the Oxide Layer on PET Substrates

Figure 1 shows the morphology of the fragmented oxide on the
untreated PET substrate, strained beyond the saturation onset strain.
At this stage, primary cracks [5], parallel to the tensile direction, are
largely open and leave wide PET areas visible underneath [9]. In these

FIGURE 1 Morphology of the SiO, coating on the untreated PET substrate strained
beyond the onset strain for the coating fragmentation saturation. Delamination is
evident under the tent-shaped buckle. The arrows indicate the loading direction.
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areas, no particular polymer fibrillation is evident. Secondary cracks,
initiated around 10% strain as a result of Poisson’s ratio compression
effects [5, 41], also appear in the form of tent-shaped buckles. The oxide
fragments are partially delaminated from the PET substrate; detache-
ment is even total under the edges of the tents [8]. A very similar
morphology was observed in the case of the hydrolyzed material. On
the contrary, as shown in Figure 2 for the silylated material, buckling
failures of the oxide do not form tents that detach from the substrate,
as was observed in Figure 1. Further, a large amount of polymer
fibrillation is visible at the surface of the substrate in between two
adjacent fragments. These observations are a strong evidence that the
coating adhesion has been improved by the silane treatment.

4. DISCUSSION

The deposition processes of thin films on polymers are known to
promote intimate contact between the two substances, resulting in a

FIGURE 2 Morphology of the SiO, coating on the silylated PET substrate strained
beyond the onset strain for the coating fragmentation saturation. Polymer fibrillation is
evident between adjacent fragments. The arrows indicate the loading direction.
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high density of short distance intermolecular interactions. Such in-
timate contact implies no interfacial defects, i.e., perfect wetting [47].
The plasma process is indeed known to promote chemical bonds,
typically Si-— O—C and Si—C in the case of SiO, on PET [48]. The
presence of such interactions together with the simultaneous etching of
the polymer and deposition of the plasma coating prohibits the cal-
culation of the work of adhesion from the wetting theory developed by
Sharpe and Shornhorn [28]. The derivation of the dispersive and polar
components of the polymer surface is, nevertheless, possible and
interesting, as these relate to the interface formation and, ultimately,
to the interface strength [48, 49]. Moreover, as only limited delamina-
tion was found to occur, even at high applied strains, stress transfer
models are likely to be best applied to assess the interface shear
strength [41]. These two independent approaches — thermodynamics
and micromechanics — stemming from the wetting measurements and
the fragmentation tests described previously were compared to identify
the influence of the treatments investigated. It was anticipated that this
comparison would provide an insight into the nature of interface
teractions between PET and SiO,.

4.1. The Polar Contribution to the PET Surface Energy

The surface energy of the polymer, ypgy, is the sum of a dispersive
component (London interactions), g, and a non-dispersive
component ( polar interactions, including acid-base interactions such
as hydrogen bonds), v34;. Each component was derived from the
measurements of contact angles 8 of the selected liquids of known
surface energy characteristics, a-bromonaphtalene being apolar with
v = 0, through the following expression [33]:

Vrdevl, v
cosf+1~2 +

1
Y liq Yliq M

where the subscript liq refers to the selected liquid. In a plot of cos6
VS.4 /’yﬁq /71q, it has been observed that apolar liquids including a-

bromonaphtalene lie on a straight line of slope 24/~ &gy and intercept
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—1. The value of /v 5&r7 /g, hence of iy, is inferred from the

difference between the ordinates of the point corresponding to water
and of the point with the same absissa as water on the straight line.
The surface energy components of the modified PET surfaces reported
in Table II are comparable with those found in others works
(Y8 = 36.5—43.2mJ/m? and yppr = 41.3-49.5mJ/m* [50- 54]).
As previously pointed out for the wetting measurements, the results
indicate that the hydrolysis of the PET surface slightly increases the
dispersive component of the polymer surface tension, whereas it de-
creases the polar component, although the surface tensions of the
untreated and hydrolyzed polymers are found to be almost identical. -
Effects are opposite in the case of silane treatment, which results in an
increase in the polar component of surface tension.

4.2. Micromechanical Approach to the PET/SiO, Adhesion

The interface shear strength, 7, was derived from the classical Kelly —
Tyson model of stress transfer [57, 58]

r = 1337 Tmxlle) 2)
sat

where £ is the coating thickness, oy, is the coating strength at critical
length /,, and I is the average fragment size at saturation, directly
measured from micrographs of fragmented specimens above the
saturation onset strain. All the parameters of the RHS in Eq. (2) are

known from direct measurements with the exception of /. and oy,x.
The critical length, /., was calculated to be very close to 3/2- Lat
[41, 59] providing that no delamination is present at saturation. It was

TABLE II Surface and interface characteristics of PET/SiO, systems

Surface type Dispersive Non-dispersive Surface energy, v
. N d . : nd 2
interaction, ~y interaction, v (mJim~)

(mJjm?) (mJim?)

Water [55] 21.8+£0.7 51 72.8

a-bromonaphtalene [56] 47+7 ~0 44.6

Untreated PET 38.8 7.9 46.7

Hydrolyzed PET 42.7 39 46.6

Silylated PET 37.9 11.0 48.9
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further assumed that this relation between /, and I, was valid even
in the presence of limited delamination, which nevertheless induces a
negligible error [60]. This applicability of such a one-dimensional
model has already been established for similar materials; one
argument is that the fragment length distributions at saturation are
very narrow and are reasonably well fitted by the theoretical distri-
butions calculated from the Kelly—Tyson assumptions, assuming a
stochastic fragmentation process [41]. The experimental and theore-
tical distributions of fragment lengths at saturation are shown in
Figure 3 for the untreated and treated PET/SiO, materials. For such
histograms, around 100 individual fragments, delimited by two
primary cracks, have been measured from several micrographs taken
on arbitrary locations across the specimen. The calculated oxide
critical length, /, is reported in the histograms [24]. In each instance, it
is evident that the fragmentation distributions are relatively narrow
and not far from falling between /. and /./2. In particular, less than 8%
of the fragments are larger than the calculated value of the critical
length, whatever the treatment of the PET substrate. Besides, the
broadening of the distribution to smaller lengths has been discussed in

100 Untreated PET Hydrolyzed PET Silylated PET

I =4.16 pm ! =220 um ! =3.25 um

Count

1 2 3 4 5 &6 1 2 3 4 5 8
Fragment length (um)

FIGURE 3 Effect of the PET surface treatment on experimental (bars) and theoretical
(lines) SiO, fragment length distributions at saturation; critical fragment lengths are also
indicated.
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recent work [5]. The critical lengths of untreated and hydrolyzed
materials can be considered to be equal, the difference being less than
1%, which is well below the typical uncertainty of the order of 10%
related to such measurement [5]. For these materials, the theoretical
distribution matches the experimental data for the large fragments,
whereas it overestimates the amount of small fragments. This dis-
crepancy reflects the presence of moderate delamination. Conversely,
the fragment length distribution of the silylated material is shifted to
smaller lengths, its theoretical fit is better, and the corresponding
critical length is much lower than that of the two other materials. This
latter result confirms the observation of negligible delamination, that
is, improved adhesion shown in Figure 2, as smaller critical lengths
result from higher adhesion [22].

The dependence of the oxide strength, o.,,,, with fragment length
was calculated from a linear extrapolation of the initial part of the
curve Ln{CD} vs. Ln{e}, where ¢ is the nominal strain, assuming a
two-parameter (a and ) Weibull distribution [61 —63]:

omax(l) = B+ (I/l) "V - T{1 + 1/a} 3)

where the normalizing factor /[; = 1 um and I is the gamma function.

The Weibull parameters o and § and the resulting values of g«
and 7, including measured values of the crack onset strain, are re-
ported in Table III for the three types of materials. Whereas the
Weibull parameters differ significantly between the hydrolyzed
material and the two others, it is found that the surface treatments
affect neither the crack onset strain nor the strength of the oxide,
within experimental uncertainties. The reason for such large differ-
ences in the Weibull parameters is not clear, although it might come

TABLE III  Crack onset strain, Weibull parameters, cohesive strength and interface
shear strength of SiO, on various PET substrates

v Surface type Crack onset e Jé] Sio, Interface
. strain (%) (MPa)  strength, Opmax Strength, T
(MPa) (M Pa)
Untreated PET 1.30+0.20 6.70 1938 1460 300 87+ 11
Hydrolyzed PET 1.30+0.20 2.64 3102 1600 4320 8648

Silylated PET 1.15+0.20 6.04 1858 1420 +280 112412
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from the experimental difficulty in obtaining sufficient data in the
crack-onset regime. In the following, an average value, 0. =
1500 MPa, will be used. Interestingly, this value is comparable with
the strength of PVD (physical vapor deposition) coatings of similar
thicknesses [64]. The interface shear strengths between SiO, and
untreated or hydrolyzed PET are found to be almost identical, in
inverse proportion to their respective critical lengths also found
to be very close to one another, the critical length of the silylated
material being 22% smaller than that of the untreated material, and
the interface strength of the former being 28% higher than that of
the latter. The silylated interface is stronger than the others, which
confirms the observations from the SEM micrographs reported
earlier. Adhesion is high enough between the silylated surface and
the oxide to prevent delamination from taking place and, therefore,
all the qinterface strain concentrates between adjacent coating
fragments.

4.3. The Role-and Nature of the Interfacial Interactions

Typical interactions between PET and SiO, obtained by PECVD
involve C-—Si and C—O—S8i chemical bonds [47, 48] and, most
likely, hydrogen-bonding interactions established between silanols
groups of the oxide and the carboxylic functions of the polymer,
whose acid-base character is known to increase considerably the work
of adhesion between basic-type polymers and silicon oxide [42].
Hydrolysis of PET surface prior to the deposition of the oxide was
found to decrease the work of adhesion. It is probable that the
corresponding molecular weight degradation has overcome the
increased accessibility of hydroxyl sites; a more detailed examination
is needed at this point. Silylation was, on the contrary, particularly
efficient regarding adhesion improvement. The 30% increase of the
interface shear strength compared with the untreated material
indicates that silylation promotes further intimate contact in the
earlier stages of the deposition process. The corresponding presence of
a large density of hydroxyl sites at the silylated PET surface would,
therefore, increase interactions with the growing silicon oxide layer,
probably through Si—O-—Si bonds together with hydrogen bonds.
As shown in Figure 4, and to a first approximation, increase of the
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FIGURE 4 PET/SiO, interface shear strength vs. PET surface energy, sum of the
dispersive and non-dispersive components determined prior to the deposition of the oxide
layer. The lines are an aid to the eye to suggest that correlations exist between the final
interface properties and the initial surface characteristics of the polymer substrate.

interface shear strength relates to an increase of the polar component
of the surface energy of the polymer substrate. This observation agrees
qualitatively with several studies dealing with plasma modifications of
several polymer surfaces (e.g., Refs. [47-49]). Obviously, this
correlation does not account for the covalent interactions mentioned
previously, and a detailed investigation of the chemical structure of the
PET/Si0, interface resulting from the plasma process is required. A
promising approach would be to analyze the nature of the surface
opened between adjacent fragments as those observed in Figures 1 and
2. To this end, chemical information obtained by ToF-SIMS imaging
proved its usefulness in the case of sputtered oxide layers [9], and
further allowed to identify the locus of failure.
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5. CONCLUSIONS |

The adhesion between several polyethylene terephthalate (PET)
injection molded substrates and thin silicon oxide (SiO,) coatings
obtained by plasma-enhanced chemical vapor deposition was inves-
tigated. The surface of the polymer was hydrolyzed or silylated prior
to the deposition of the oxide, and the corresponding dispersive and
polar contributions to the surface energy were derived from wetting
measurements with a pair of liquids, one being apolar. The adhesion of
the oxide layer to the polymer was derived from a micromechanical
analysis of the interface stress transfer. In this approach, the interface
shear strength was related to the coating tensile strength and the
density of coating cracks resulting from straining the coated polymer
in uniaxial tension.

The fragmentation pattern of the oxide layer on the untreated PET
strained beyond the fragmentation saturation onset was characterized
by moderate delamination in the form of tent-shaped buckling failures
clearly detached from the polymer. The corresponding interface shear
strength was found equal to 87 MPa. Hydrolysis was found to hydro-
phobize slightly, and most likely degrade, the polymer surface;
however, the critical stress transfer length and interface shear strength
were found equal to those of the untreated material.

On the contrary, silylation improved the polar character of the PET
surface. The fragmented morphology was characterized by large
polymer fibrillation in between adjacent oxide fragments. The critical
length was found to be smaller than that calculated for the untreated
and hydrolyzed PET, corresponding to a 30% increase of the interface
shear strength. These observations and measures all demonstrate
improved adhesion, which could be related, to a first approximation,
to the enhanced polar character of the polymer surface.
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