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SYNOPSIS 

By immersing aluminum in boiling water, a hydroxyl-covered pseudoboehmite layer is 
formed on the aluminum surface. The adhesion strength between aluminum foils, hydrated 
in boiling water for short times, and ethylene copolymers, with vinyl acetate, n-butyl acrylate, 
and acrylic acid, was examined. The laminates were obtained by pressing with 1.2 MPa at  
250°C and the peel strengths were measured by a T-peel test. By hydrating the aluminum 
foils, the adhesion strength was doubled for the ester copolymers, while a moderate effect 
was observed for the acrylic acid copolymer. To understand the adhesion mechanism, the 
chemical and topographic transformations were followed, using FTIR, SEM, TGA, and 
BET surface-area analysis. The adhesion mechanism was found to depend on many factors, 
such as mechanical effects and increased surface area, due to the porosity of the hydrated 
film formed. The improved adhesion after hydration of the aluminum can also be explained 
by the fact that new, stronger interactions are formed. A carboxylate formation of carboxylic 
acid groups and a catalyzed hydrolysis reaction of the ester bond at  the interface is also 
proposed. These reactions change the functionality on the polymer surface and the formation 
of stronger bonds between the materials is possible. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Polyethylene-aluminum composite films are im- 
portant and are widely used, especially in the pack- 
aging industry. However, the adhesion between the 
materials is usually low, due to the low polarity of 
the polyethylene film. To reach an acceptable level 
of adhesion strength, it is necessary either to modify 
the polyethylene or the aluminum surface. One of 
the most common techniques for increasing adhe- 
sion is to introduce polar groups on the polymer 
surface by oxidation.',' This can be done by high- 
temperature extrusion, and the effect can be further 
improved by ozone treatment of the extruded melt?,* 
Another way of obtaining a polar surface is to use 
a copolymer where the comonomer contains a polar 
group, for example, acrylic acid or vinyl acetate. 

In previous reports, it was found that the effi- 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 49,511-521 (1993) 
0 1993 John Wiley & Sons, Inc. CCC 0021 -8995/93/0305 11- 11 

ciency of adhesion depended strongly on the func- 
tional group used in the c~polymer ,~  and that Lewis 
acid-base interactions are formed between the alu- 
minum oxide surface and the functional groups in 
the copolymer.6 An alternative to the modification 
of polyethylene is to modify the aluminum surface 
with a coupling agent or another chemical treatment. 
There exist many coupling agents for this applica- 
tion and, among others, silane7r8 and chromium (111) 
fumarato  compound^^^'^ have been found to form 
strong assemblies. The improved adhesion strengths 
in these cases have been explained by a coupling 
mechanism through interfacial diffusion and inter- 
penetrating crosslinking networks. Good adhesion 
strength has also been reported" between polyeth- 
ylene and acid-anodized aluminum. It was suggested 
that the mechanism of adhesion involved mechan- 
ical keying, due to the penetration of the polymer 
into the pores of the porous anodic film formed on 
the aluminum surface. 

The aim of this work was to improve the adhesion 
strength between aluminum and polar ethylene co- 
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polymers by increasing the amount of hydroxyl 
groups on the aluminum surface. By immersing the 
aluminum in boiling water, an adherent hydroxyl- 
rich pseudoboehmite layer, containing physically 
adsorbed water, is formed." An increase in the 
adhesion strength between hydrated aluminum sur- 
faces and pure polyethylene has been reported.13-15 
In these cases, long hydration times were used and 
the increased adhesion strength was suggested to 
depend on mechanical keying in the porous surface 
layer that is formed when aluminum is hydrated. 
Recently it has been shown that strong interactions 
are formed between a hydrated aluminum surface 
and functional groups present in ethylene copoly- 
mers.I6 This might also have an effect on the adhe- 
sion between these materials. 

In the present study, the effect of the adhesion 
strength for aluminum, treated in water for relatively 
short water boiling times (20-160 sec), has been 
studied. Many techniques, including Fourier trans- 
form infrared spectroscopy (FTIR) , scanning elec- 
tron microscopy ( SEM) , BET surface-area analysis, 
and thermogravimetric analysis (TGA) , have been 
used to follow the chemical and topographic changes 
of the hydrated aluminum surface, as a function of 
the hydration time. Furthermore, the improved 
adhesion strength and the complex adhesion mech- 
anism for three polar ethylene copolymers is dis- 
cussed . 

EXPERl MENTAL 

Materials 

Three different ethylene copolymers were used 
poly (ethylene-co-vinyl acetate) (EVA), poly- 

Table I Data on Polymers Used in the Study 

(ethylene-co-butyl acrylate) (EBA) , and poly- 
(ethylene-co-acrylic acid) (EAA) . As a reference 
material, low-density polyethylene was included in 
the study. Table I summarizes the comonomer con- 
tent and some other important specifications of the 
polymers used. The films used for the testing of the 
peel strength were made by blown-film extrusion, 
using extrusion temperatures of 15O-18O0C, with a 
film thickness of 200 pm. 

An aluminum foil, containing 1.01% Fe, 0.15% 
Mn, 0.14% Si, and 0.045% Mg, was kindly supplied 
by Granges AB, Sweden, and had a thickness of 150 
pm. The foils were annealed at 300°C for 16 h in air 
before hydration or lamination. The annealing has 
been reported to remove completely all hydrocarbons 
present from the rolling and for that reason 
the foils were used without further cleaning. The 
hydration of the aluminum foils was done by im- 
mersion in deionized boiling water. Before lamina- 
tion, the foils were dried in ambient air. 

Laminate Preparation and Testing of Peel 
Strength 
The laminates were prepared by pressing one plastic 
film between two pieces of the 150 pm-thick alu- 
minum foil. When strong bonds between the ma- 
terials were obtained, this assembly eliminated rup- 
ture and extension of the plastic film. The assemblies 
were pressed together at 250°C for 10 sec at  a pres- 
sure of 1.2 MPa. After one week at ambient condi- 
tions, the peel force was tested in an Instron 1122 
by a 180" T-peel test, with a crosshead speed of 200 
mmlmin. The widths of the test strips were 25 mm. 
The reported values from the peel force measure- 
ments represent the mean from ten strips taken from 

Comonomer Comonomer 
Content Content' Meltindexa Tmb Crystallinity' 

Polymer (Wt %) (mol %) (g/10 min) ("C) (%I Producer 
~~ ~ 

LDPE 4.5 112 45 Neste 
EBA-4 17 4.3 4 98 21 Neste 
EBA-8 27 7.5 4 93 14 Neste 

EVA-7 18 6.7 2 88 19 Exxon 
EVA-18 40 17.8 55 54 t 4  Atochem 

EAA-1 3 1.2 11 104 36 Dow 
EAA-3 6.5 2.6 9 101 29 Dow 
EAA-4 9 3.7 10 98 24 Dow 
EAAS 13.5 5.7 11 96 17 Exxon 

Oi Values from the producers. 
Determined by DSC with dotriacontane as a reference. 
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two laminates. The mean standard deviation of all 
laminates was 62 N/m. 

In the wet-strength test, the laminates were im- 
mersed for four weeks in deionized water at room 
temperature before the T-peel test. The laminates 
used in the wet strength test were prepared by 
pressing a plastic film to one untreated aluminum 
foil or to one aluminum foil hydrated for 30 sec. 
This type of laminate was chosen to allow penetra- 
tion of water through the polymer film, which better 
imitates real aging conditions. 

Sample Preparation for FTIR Analysis 

A thin polymer layer on 150 pm-thick hydrated alu- 
minum foil (40 sec hydration time) was prepared 
by first pressing a polymer film to a foil at 150°C. 
The low temperature was chosen to reduce the 
evaporation of the physically adsorbed water from 
the hydrated surface. After repeated dissolution in 
hot xylene, during which most of the polymer film 
was removed from the plate, only a thin layer of 
tightly bonded polymer remained on the surface. The 
thin polymer layer on the hydrated aluminum sur- 
face was then heated to 250°C in the hot press to 
simulate lamination conditions. To increase the ab- 
sorbance of the interesting carbonyl peak, the poly- 
mers with the highest content of comonomer were 
used, as shown in Table 1. 

Analysis 

A FTIR spectrophotometer, Perkin-Elmer 1720 X, 
with a nitrogen cooled MCT detector was used. The 
aluminum surfaces, with or without a thin polymer 
layer, were analyzed in a reflection-absorption 
spectroscopy (RAS) attachment, with an 80" angle 
of incidence. This technique performs well on highly 
reflecting substrates, such as aluminum. In 
the present study, 50 scans, with a resolution of 4 
cm-', were used. To detect the small peaks in the 
carbonyl region, it was necessary to reduce the water 
vapor in the background by dry nitrogen purge of 
the sample chamber. The spectra of the thin polymer 
layers on the hydrated aluminum foil were ratioed 
to the reference spectrum from an uncoated foil with 
the same pretreatment. For comparison, the bulk 
spectra of the polymers were obtained by casting 
onto KBr disks. 

The carbonyl absorbance ratio was obtained by 
dividing the absorbances of the carbonyl and the 
hydrogen stretching vibrations at 1705-1740 and 
2920 cm-', respectively. For each plate, the ratio 

measured after the treatment described above was 
compared with the corresponding ratio obtained 
from the transmission spectra of the bulk. The re- 
ported ratios represent the mean of three spectra. 

A JEOL JSM-840 Scanning microscope was used 
to study the porous structure formed on the hydrated 
aluminum foils. 

The BET surface area, on 150 pm-thick hydrated 
aluminum foils, was determined as a function of hy- 
dration time in boiling water by gas absorption in a 
Digisorb 2600. Due to the low surface area of the 
foil, krypton absorption was utilized. The reported 
values represent the mean of two measurements. 

A Perkin-Elmer TGA 7 was used for the thermal 
gravimetric analysis (TGA) of the copolymers and 
of the hydrated aluminum foils. The samples were 
heated in a nitrogen atmosphere, at 200"C/min to 
250"C, and then were maintained at  that tempera- 
ture to simulate the lamination conditions. For the 
analysis of the content of physically adsorbed water, 
an aluminum foil with a thickness of 14 pm was 
used. The weight decrease of the hydrated aluminum 
foils, representing the physically adsorbed water, was 
obtained after 1-2 min. The reported values repre- 
sent the mean of two measurements. 

RESULTS 

In Figures 1 ( a )  and 1 ( b )  , the relationship between 
the peel force and the hydration time of the alu- 
minum foil in boiling water is shown for the ester 
and the acid copolymers, respectively. For the ester 
copolymers, a considerable increase of the peel force 
was found. For the aluminum foils, hydrated for 
more than 20 sec, the peel force was more than twice 
as high, as compared to the untreated aluminum 
foils. A visual observation of the aluminum side of 
the T-peeled laminate indicated that the failure 
mode had changed from adhesive to cohesive. This 
indicates that the true adhesion strengths between 
the materials is higher than the values obtained from 
the T-peel test. 

Cohesive failure is confirmed when the aluminum 
side is analyzed in FTIR, utilizing the RAS tech- 
nique. Figure 2 shows the absorbance of the asym- 
metric - CH2 - stretching vibration band, from 
the polymer layer, remaining on the aluminum side 
after peeling. As described elsewhere, l6 it is possible 
to obtain a calibration curve between absorbance 
and thickness by analyzing polymer layers of known 
thickness, obtained by solution casting. This relation 
is, however, only linear up to about 1000 A, but in 
the present work, a linear relation was assumed for 
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Figure 1 Peel forces for EBA-4, EVA-7, and EAA co- 
polymers, laminated between hydrated aluminum foils, as 
a function of hydration time: ( a )  EBA-4 and EVA-7 co- 
polymers and (b  ) EAA copolymers. 

all absorbance values, as shown in Figure 2. It is 
probable that reported values above 1000 A should 
thus be even higher. For all copolymers, the alu- 
minum side with 40 sec hydration time showed ab- 
sorbances corresponding to several hundreds of 

Angstroms, indicating a cohesive failure. For the 
untreated aluminum, no polymer was found on the 
aluminum side for EVA-’I, whereas for EBA-4 lam- 
inates, a small amount remained. In a previous re- 
port,” using the same EBA polymer, this small 
amount was proposed to be due to low molecular 
weight fractions from the polymer. 

The peel force for the acrylic acid copolymers was 
not improved to the same extent as for the ester 
copolymers [Fig. 1 (b)  1. We have earlier found5 that 
EAA-4 gives a cohesive failure when peeled from an 
ordinary oxidized aluminum surface. The relatively 
high amount of remaining polymer on the untreated 
aluminum surface, observed for all EAA samples, as 
shown in Figure 2, indicates a strong interaction 
between the acrylic acid group and aluminum oxide. 
The failure mode for the EAA samples can thus be 
regarded to be mainly cohesive. The possibilities of 
forming even stronger bonds, due to the hydration 
of the aluminum, should not lead to increased peel 
forces in accordance with the observed results. 

The lower peel force for EAA-1 and EAA-3, as 
compared with EAA-4, may be explained by the 
lower comonomer content. A possible explanation 
for this can be that the probability of a molecule 
being strongly bonded in more than one position to 
the aluminum oxide surface increases as the co- 
monomer content increases. An interfacial entan- 
gled network could then be formed where polymer 
molecules are entangled into molecules that are 
bonded in more than one position to aluminum. As 
the comonomer content increases, the fraction of 
molecules bonded in more than one position, and 
the interfacial network density, increase, resulting 
in a higher cohesive strength. The decreased amount 
of polymer remaining on the untreated aluminum 
surface for EAAs with lower comonomer content 
supports this. 
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Figure 2 The absorbance of the asymmetric -CH2- stretching vibration mode at  
2920 cm-’ and corresponding thickness of remaining polymer on the aluminum side after 
peeling. 
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Figure 3 Peel force for the ester copolymers laminated 
to untreated and hydrated aluminum foils after aging in 
deionized water at  room temperature, as compared with 
the peel force of unaged samples. 

The wet adhesion strength was tested by aging 
laminates for four weeks in deionized water a t  room 
temperature. To obtain maximum exposure to water, 
the laminates used in this test consisted of one plas- 
tic film and one aluminum foil. The reported values 
of the peel force may, therefore, deviate somewhat 
from those obtained for the laminates with two alu- 
minum foils. For laminates between the ester co- 
polymers and untreated aluminum, the peel force 
decreased, due to aging in water (see Fig. 3 ) .  For 
the foils hydrated for 30 sec, no distinct decrease of 
the peel force was found, which supports the sug- 
gestion that these copolymers are more strongly 
bonded to the hydrated surface. The peel strength 
for the EAA copolymers were tested for laminates 
prepared and aged in the same way. In this case, the 
aging conditions had no effect on the peel force for 
EAA-1 laminated to either untreated aluminum or 
hydrated aluminum. The same behavior seemed to 
be true for the EAA copolymers with higher co- 
monomer content, but rupture of the film, due to 
the higher cohesive strength, made it difficult to peel 
these laminates. 

DISCUSSION 

When aluminum is immersed in boiling water, hy- 
drogen gas evolves from the surface after a few sec- 
onds. This is due to the production of an adherent 
layer of an hydrated aluminum oxide, according to 
the reaction: 

A1 + 2 H20 + AlOOH + 3 /2  Hz 

The aluminum and water reaction has been exten- 
sively reviewed by Alwitt." In boiling water, a poorly 

crystallized pseudoboehmite film is formed on the 
aluminum surface. The chemical composition of this 
layer can be described as an aluminum oxyhydroxide 
containing physically adsorbed water. 

The formation of the pseudoboehmite film can 
be followed by means of reflection absorption IR 
spectroscopy. In the spectrum of an untreated sur- 
face, only a weak absorbance at 960 cm-' appears, 
due to bending modes in the thin aluminum oxide 
film. After hydration, new absorbances arise, l6 rep- 
resenting hydrogen stretching, physically adsorbed 
water, and a strong characteristic bending mode of 
the hydroxyl group at 1080 cm-'. In Figure 4, the 
absorbance at  1080 cm-' is used to detect and follow 
the hydration reaction as a function of immersion 
time in boiling water. The rate of hydroxyl formation 
is high initially and then decreases, which also can 
be established by visual observation of the hydrogen 
gas evolution. The curve in Figure 4 also shows that 
there is an induction period of about 5-7 seconds, 
where no reaction occurs. This induction period has 
been found to vary with temperature and pretreat- 
ments of the foil, which is believed to be due to the 
presence of an oxide film on the meta1.22*23 

When the aluminum foil is hydrated in boiling 
water, the topography of the foil is also altered and 
a highly porous surface is obtained. The appearance 
of a porous surface was studied by means of SEM 
and gas absorption and it was found that the to- 
pography of the aluminum surfaces altered simul- 
taneously with their chemical conversion. In Figure 
5, SEM micrographs of the surface are shown for 
an untreated aluminum foil and foils with 10-160 
seconds of hydration time. From micrographs of hy- 
drated aluminum foils (magnified 10,000 X ) , the size 
of the pores can be estimated to be about 0.1 pm. 
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Figure 4 The absorbance of the -OH bending vibra- 
tion mode at  1080 cm-' , on hydrated aluminum surfaces, 
as a function of hydration time. 
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Figure 5 
for 10 sec in boiling water, ( c )  20 sec, ( d )  40 sec, ( e )  80 sec, and ( f ) 160 sec. 

Scanning electron micrographs on aluminum foils: (a )  untreated, (b)  hydrated 

The improved adhesion strength observed for the 
ester copolymers may thus be due to both chemical 
and topographic changes. To investigate how the 
topographical changes of the surfaces influence the 
adhesion strength, the peel force was tested for lam- 
inates with LDPE as a function of hydration time. 
From the results, exhibited in Figure 6, it is clear 
that the peel force increases as an effect of the hy- 

dration. When the fracture surfaces were examined, 
a cohesive failure was obvious. Since LDPE does 
not contain any polar functional groups, no polar 
interactions should be present. The increased adhe- 
sion strength that was obtained for LDPE can thus 
be explained by mechanical keying in the porous 
surface. This also ought to contribute to the in- 
creased adhesion strength for the copolymers. 
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Figure 5 (Continued from the previous page) 

BET surface area analysis showed that the hy- 
dration increased the surface area by about 20 times 
(see Fig. 7 ) .  At long hydration times, the increase 
in surface area slowed down, most likely due to the 
decreased reaction rate described above. The for- 
mation of a denser film with decreased porosity at 
a long hydration timez4 may also contribute. How- 
ever, the increased surface area obtained after hy- 
dration increases the contact surface between ad- 
hesive and substrate. In turn, the amount of polar 
or dispersive forces between the materials increases, 
leading to better adhesion in itself, whether me- 
chanical keying is obtained or not. 

600 c 
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0 40 80 120 160  
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Figure 6 
aluminum as a function of hydration time. 

Peel force for LDPE laminated to hydrated 

In a previous report,6 it has been stated that the 
functional groups used in the present study interact 
via acid-base interactions, with an oxidized alumi- 
num surface. When the amphoteric aluminum oxide 
surface is hydrated into pseudoboehmite, it becomes 
more which allows a stronger acid-base in- 
teraction to the electron donating carbonyl oxygen 
in EVA and EBA. This was demonstrated clearly in 
an FTIR study16 at  the interface between these ma- 
terials. The interacted carbonyl in EBA was thus 
displaced 38 cm-' apart from the bulk absorbance, 
due to a hydrogen bond with the hydroxyl groups 
on the hydrated surface. In a similar study at the 
interface on an oxidized aluminum surface,6 the 
carbonyl for the same polymer was displaced at 8 
cm-l. The magnitude of the carbonyl displacement 
has been shown to be directly proportional to the 
enthalpy of the acid-base interaction by Fowkes et 
al.26727 Consequently, the modification of the chem- 
ical structure on the surface also has a great influ- 
ence on the adhesion strength and contributes to 
the improved adhesion. 

In the present study, the high temperature used 
for lamination leads to new interactions at the in- 
terface. For a study at the interface, model experi- 
ments were made to simulate the lamination con- 
ditions, as described in the experimental section. 
The thicknesses of the polymer layers, that remained 
on the aluminum surface after dissolution, were es- 
timated as described above to be about 250-300 A, 
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Figure 7 BET surface area on 150 pm-thick aluminum foils as a function of hydration 
time in boiling water. The right scale represents the relative surface area of the hydrated 
foils, as compared with an untreated foil. 

as related to the projected area. If the increase in 
surface area is considered, this corresponds to an 
actual thickness of 10-20 A. In Figure 8, the carbonyl 
and hydrogen stretching regions are shown for a thin 
film of EVA-18 on an aluminum plate, hydrated for 
40 sec. In spectrum A, a small peak is visible besides 
the bulk carbonyl, probably due to an interaction 
and the formation of a hydrogen bond. Spectrum B 
represents the same film after 10 sec under a pres- 
sure of 250°C, and an immediate decrease of the 
bulk carbonyl absorbance is observed. In that case, 
no other peak was visible in this region. For EVA- 
18, as well as for the other copolymers used, the 
ratio between the absorbance modes of the C=O 
stretch (around 1740 cm-') and the asymmetric 
- CH2 - stretch (at  2920 cm-l) was found to de- 

crease. This is shown in Figure 9, as function of 
time under pressure at 25OOC. The quick leveling 
off to a nearly constant value of the carbonyl ratio 
indicates a rapid reaction of functional groups in 
contact with the surface, leaving those groups, which 
are not in contact with the surface, unchanged. 

In a previous study, l6 carboxylate has been shown 
to form when EAA is cast onto an hydrated alu- 
minum surface. The FTIR spectrum of EAA, after 
dissolution of a pressed film onto hydrated alumi- 
num, also indicates carboxylate formation.6 In work 
by Schultz et al.," the adhesion strength for a lam- 
inate, consisting of acrylic acid grafted polyethylene 
and aluminum, increased after it had been immersed 
in boiling water. Also in this case, the improvement 
was explained to be due to a carboxylate formation 
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Figure 8 Spectra of hydrogen and carbonyl stretching 
regions of remaining polymer layer after dissolution. ( A )  
EVA-18 pressed onto the hydrated aluminum plate at  
150°C and (B) the same plate after 10 sec in press at 
250°C. 

1 .o 

0 .- + 
? 
- 
x 
C 
0 

$ 0.5 
u 
al > 
0 
al w 

._ + 
- 

0.0 
0 40 80 120 160 

Time in press (sec)  

Figure 9 The relation between the carbonyl ratios 
(1705-1740/2920) of bulk and thin polymer layers, melt 
pressed on hydrated aluminum foils, as a function of time 
in the hot press. 
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between the polymer film and the aluminum surface. 
Consequently, the disappearance of the carbonyl 
absorbance, as shown in Figure 9 for EAA-6, is likely 
due to carboxylate formation with the hydrated alu- 
minum. The formation of a strong ionic bond be- 
tween the materials should increase the adhesion 
strength between the polymer and the aluminum 
surface. In the present study, it was, however, not 
possible to observe any great improvement due to 
the fact that cohesive failures were obtained with 
both untreated and hydrated aluminum. 

The decrease of the carbonyl absorbance for the 
ester copolymers requires a more complex expla- 
nation. If there are abstractable hydrogens on the p 
carbon atom of the ester group, ester copolymers are 
susceptible to thermal degradation. Acetic acid is 
thus expelled from the vinyl acetate copolymer and 
a double bond appears in the polymer chain back- 
bone,*' while a degradation of EBA results in the 
evolution of butene and the formation of carboxylic 
acid groups on the polymer  hai in.^'^^^ The IR spectra 
of the heat-treated samples did not indicate any oc- 
currence of thermal degradation, that is, vinylene 
groups or carbonyl formation due to oxidation. Fur- 
thermore, a TGA-analysis of EVA-18 and EBA-8 
showed that the weight loss after 30 min at 250°C 
was 0.5% and 0.2%, respectively, which is too low 
to explain the decrease in carbonyl absorbance 
(Fig. 9) .  

It is more likely that the evaporation of the phys- 
ically adsorbed water from the hydrated surface in- 
duces hydrolysis of the ester. The initial weight loss 
a t  250°C, which is due to physically adsorbed water, 
was determined using a 14 pm-thick aluminum foil, 
hydrated in boiling water. Together, with the weight 
increase due to hydration, this allowed calculation 
of the water and AlOOH content as well as the rel- 
ative composition of the hydrated film (Table 11). 
The induction period for the foils was 10 sec longer, 
which could yield small differences as compared with 
the thicker foil, but the general behavior should be 

the same. The amount of evaporated water after 40 
sec hydration (2.8 pg/cm2) is enough to hydrolyze 
all ester groups in a 3500 A-thick layer of the sample 
with the highest comonomer content, EVA-18. It is, 
however, unlikely that hydrolysis is obtained without 
any catalyst under these conditions. As already 
mentioned, it has been shown that the ester car- 
bonyls interact strongly with the hydroxyl groups 
on the hydrated aluminum surface. It is thus prob- 
able that an acid-catalyzed hydrolysis reaction takes 
place at  the interface when water is present. 

Hydrolysis of the ester can then explain the de- 
crease in carbonyl absorbance (Fig. 9 ) . In case of 
EBA, carboxylic acid groups are formed, which im- 
mediately react and form carboxylate couplings, as 
described for EAA. In an earlier FTIR study,6 at  the 
interface between EBA and hydrated aluminum in 
pressed laminates, the formation of carboxylate was 
found. The ionic bond, formed for EBA at the in- 
terface with hydrated aluminum, must be considered 
to be much stronger than the previously observed 
acid-base interaction that forms with the untreated 
aluminum surface.'j 

In the case of EVA-18, a hydrolysis reaction will 
produce a hydroxyl group on the polymer chain, 
which has been found to have a better effect on 
adhesion to an oxidized aluminum surface than the 
ester group.5 Unfortunately, the substrate surface 
adsorbs strongly in the IR region, where the char- 
acteristic absorbances of a C-OH group should 
appear. For this reason, it has not been possible to 
confirm this group in EVA with IR spectroscopy. 
However, the chemical change of the surface after 
hydration is important for the adhesion mechanism, 
and contributes to the observed increase of the 
adhesion strength for both EBA and EVA. 

The higher equilibrium level of the carbonyl ra- 
tios, shown in Figure 9, obtained for the ester co- 
polymers as compared with the acrylic acid copol- 
ymer, may depend on the hydrolysis reaction. For 
this reaction, the contact with the surface, as well 

Table I1 Compositions and Characteristics of Hydrated Films Formed on a 14 Fm-Thick Aluminum Foil 

Hydration Weight Water 
Time Increase Contenta HzO AlOOH Molar Ratio 
(set) (%) (%I (a /cm2) ( d c m ' )  (A100H : HzO) 

40 
80 

160 

1.11 
1.32 
1.64 

0.15 
0.21 
0.28 

2.8 
4.0 
5.3 

18 
21 
26 

1 : 0.52 
1 : 0.63 
1 : 0.69 

~ 

a Determined by TGA. 
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as the access of water, are important factors. In the 
case of EAA, only one of these factors is involved 
in the formation of carboxylate groups, which prob- 
ably also occurs more readily and with a higher rate 
than the hydrolysis reaction. 

CONCLUSIONS 

In laminates with EBA and EVA, the adhesion 
strength was found to increase, and it doubled after 
hydration of the aluminum surface. The failure mode 
of these laminates was also observed to change from 
adhesive to cohesive. For EAA, on the other hand, 
only a moderate effect was observed, because a 
strong bond already existed to the oxidized alumi- 
num surface. The adhesion strength was found to 
depend on many factors, due to the fact that a porous 
surface and a new chemical composition develops 
after hydration. As shown for LDPE, mechanical 
keying in the porous surface leads to an increase of 
the adhesion strength. The higher surface area after 
hydration increases the contact surface and more 
adhesion-promoting interactions can be obtained, 
which improves the adhesion strength. 

As a consequence of the chemical modification of 
the surface, new chemical interactions or bonds were 
formed between the materials. For EAA, an ionic 
carboxylate forms at the interface with the hydrated 
aluminum surface. For the ester copolymers, the 
high temperature used at the lamination conditions 
evaporates physically adsorbed water, which was 
suggested to induce a catalyzed hydrolysis reaction 
of the ester bond. New functional groups were thus 
obtained as summarized below: 

EVA 

EBA 

EAA 
For EVA, acetic acid is expelled and a hydroxyl 

group remains on the polymer chain that may form 
a stronger interaction to the substrate surface. EBA, 
on the other hand, was suggested to form a carbox- 
ylic acid group, which reacts further with aluminum 
hydroxyl groups on the surface to form a carboxylate 
a t  the interface. Thus, both the hydroxyl group and 
the ionic carboxylate bond are important factors that 
also may contribute to the improved adhesion 
strength observed between the polymers and hy- 
drated aluminum. 
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