
JOURNAL OF AI’lUI3D POI,YMEK SCII3NCE VOL. 12, I’P. 1873-18811 (1968) 

Environmental Stability of Ethylene-Acrylic Acid 
Adhesive Copolymers Bonded to Metal Substrates 

B. WARGOTZ, Bell Te1ephon.e Laboratories, Incorporated, Murray Hill, 
New Jersey 07974 

synopsis 
A study was conducted on the influence of high humidity and temperature on alu- 

minum and copper sheet coated with ethylene-acrylic acid or ethylene-methacrylic acid 
copolymers. Infrared spectrometric and differential thermal analysis data indicate 
that a contribnting cause to failure of the bond between the acrylic acid copolymers and 
copper is the solubilixation of an imderlying weak oxide layer under coiiditions of the 
test,. No signifirant weakening of the bond of aluminum-adhesive copolymer was nh- 
served tinder high humidity. From oxygen itptake studies, thermogravimetric. 
analysis in air, and infrared spectra of polymer bonded to metals, a general understanding 
of the thermal-oxidative stability of the ethylene-acrylic and ethylene-methacrylic co- 
polymers has emerged. The acrylic acid copolymers are less stable in an oxidative en- 
vironment, t,han ethylene homopolymers and the ethylene-alkyl acrylate copolymers. 

INTRODUCTION 

Ethylene copolymers containing acrylic acid or methacrylic acid units as 
well as the partially neutralized form of these thermoplastic adhesive 
copolymers have been suggested for use in new communication cable 
designs.’S2 The use of these materials is of particular interest in metal- 
adhesive copolymer-polyethylene composites and in bimetallic laminates. 
Thermoplastic adhesive copolymers provide the contact adherence of a hot 
melt adhesive with the cohesive strength of a polymer. 

The ethylene-acrylic acid (EAA) and ethylene-methacrylic acid (EM- 
AA) copolymers are comparatively new materials. The mechanical proper- 
ties and aging behavior of these materials are largely u n k n ~ w n . ~ - ~  This 
paper presents information on the behavior of EAA and EMAA in contact 
with copper and aluminum under high humidity conditions; data on the 
thermal-oxidative stability of these copolymers alone and in contact with 
metal surfaces are also given. 

EXPERIMENTAL 

Laminates 

Metal-polymer laminates were prepared by extrusion coating of polymer 
(0.001-0.002 in. thickness) on used as received copper (0.003 in. thick, full 
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TABLE I 
Properties of Ethylene-Acrylic Acid and 
Ethylene-Methacrylic Acid Copolymers 

Acid content, 
Sample Melt index yo by weight 

EAA 
EMAA 

5 . 0  
10.0 

7.5 
9.0  

annealed Grade ETP) or aluminum (0.004-0.005 in., Grade 1145 or 1100). 
The melt index and acid content of the polymers prior to coating on the 
metal are shown in Table I. 

Specimens 10 in. in length and 1 in. wide were exposed at 70°C and 95% 
RH. At various intervals up to 60 days, samples were removed and placed 
in a desiccator containing anhydrous MgSO,. After one week of drying 
the specimens were examined by the following techniques. 

Specular Reflectance Sampling. The device employed for obtaining 
the specular reflectance spectra of the polymer bonded to metal was a 
Wilks Scientific Corporat,ion Model 22 specular reflectance attachment 
used with a Beckman IR-8 infrared spectrophotometer. The appropriate 
metal sheet was employed in the reference attachmcnt. 

Differential Thermal Analysis (DTA). The R. 1,. Stone Model KAW 
controlled atmosphere DTA unit was employed (helium atmosphere). 
The metal-polymer composite was examined. A Perkin-Elmer differential 
scanning calorimeter 1-A was used for more quantitative determination 
of the thermal properties of the polymer (nitrogen atmosphere). 

Copolymers 

EAA and EMAA of similar acid content (Table I) were purified by 
dissolving into reagent grade toluene under a nitrogen atmosphere. The 
polymers were precipitated with methanol and dried under vacuum. 

Oxygen Uptake Studies. The unstabilized polymer was compression- 
molded at 120°C and 40,000 psi to films 0.010 in. thick. Samples approx- 
imately 0.1 g in weight were exposed at 60, 80, 100, 120, and 140°C in 
an oxygen-uptake apparatus! 

Thermogravimetric Analysis. The unstabilized EAA and EMAA 
samples (Table I) were heated in air from 25 to 500°C at  a heating rate of 
2"C/min in the programmed study and under isothermal conditions in air 
at 260, 310, 365, and 395°C. An apparatus described earlier was em- 
ployed in this study? 

RESULTS AND DISCUSSION 

Humidity Effects 

Figure 1 shows the infrared absorption spectra of EAA and EMAA in 
Both resins exhibit un-ionized acid carbonyl the 900-2000 em-' region. 



ENVIllONMENThL STABILITY 1875 
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Fig. 1. Infrared spectra of EMAA and EAA. 

absorption at  approximately 1690 em-'. EAA and EMAA show slight 
differences in the region of the methyl group (-CH3) absorption (1375 
cm-l). The increased intensity in this region for E M U  is probably due 
to the -CH3 groups of the methacrylic acid and not to increased -CHI 
branching in the ethylene segments. 

The specular reflectance spectra in the 1300-2000 em-' region of copper- 
EAA samples (copper reference) aged 5 days and 14 days are shown in 
Figures 2A and 2B. Of particular note is the development of an absorp- 
tion band at 1600 cm-l after only 5 days at 70°C and 95% RH. EMAA, 
when aged under the same conditions, also absorbs at 1600 cm-l. As 
aging was continued, the intensity of this band increased with slight 
reduction of the acid carbonyl absorption. The differentia1 transmission 
absorption spectrum (Fig. 2C) was obtained on EAA specimens aged 31 
days and freed by chemically etching the copper in an ammonium persulfate 
solution. A control copper-EAA laminate treated in a similar manner gave 
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Pig. 2. Infrared spectra of aged EAA: (A)  specular reflectance spectrum, Cu-EAA 
aged 5 days, 70°C/95% RH; ( B )  specular reflectance spectrum, Cu-EAA aged 14 days, 
7OoC/95% RH; ( C )  differential transmission spectrum, EAA aged 31 days, 70°C/95% 
RH. 

EAA which was used as reference. Apparently, aging of copper-EAA and 
copper-EMAA at high humidity results in the formation of a copper salt 
of the acid function as indicated by cerboxylate ion absorption' at 1600 
and 1400 cm-I. The green-blue color observed is characteristic of the 
Cu+2 valence state. The green-blue color of the recovered film is not 
changed by prolonged immersion in distilled water; however, the color is 
lost when the film is exposed to cold, concentrated hydrochloric acid. 
The spectrum of film treated with the acid is identical to that of the control 
EAA and indicates no apparent decomposition. 

The EAA-copper bond has deteriorated after only 5 days at high humid- 
ity since the EAA can be readily peeled from the copper surface by hand.* 
This is not true with control specimens. 

* Frustrated multiple internal reflectance spectrum (KRS-5 crystal, -45") sampling 
of the surfaces of the peeled, humidity-aged EAA showed the carboxylate ions to be con- 
centrated a t  the copper-adhesive copolymer interphase. 
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Specular reflectance sampling of the aluminum-EAA or aluminum- 
EMAA laminates after aging up to 60 days a t  70°C and 95% RH revealed 
no significant changes in the spectra of these composites. In  addition, 
the EAA and EMAA coatings were not readily peeled from the aluminum 
surface after aging. 

DTA data were obtained to determine if the loss of strength of the 
copper-EAA bond was due to the chemical interaction of EAA with copper, 
a morphological transformation in the bulk or at the metal-adhesive 
copolymer interphase (boundary layer),8 or a combination of these. 

The general shape of the endotherm was found to be similar for EAA on 
aluminum or copper. The progres- 
sive growth of the doublet observed in the melting endotherm as a function 
of  aging (Fig. 4) occurred irrespective of the metal substrate employed. 

Figure 3 shows a typical DTA curve. 

z a 
w 
I 
I- 
0 
X 
w 

Cu-EAA UNAGED 

I 1  I 

400 350 300 250 200 150 100 
T,'C 

Fig. 3. 1)ifferential thermnl analysis of aged Cu-EAA (14 days). 

Figure 5 shows the diff ereiitial scsniiiiig calorimeter (DSC) traces ob- 
tained with copper-EAA control. The sample wae melted (Fig. SA),  
crystallized (Fig. 5B), and conditioned at  87°C for 2 hr. Conditioning 
resulted in a doublet in the DSC trace (Fig. 5C). When the sample was 
remelted, the original trace (Fig. 5C) was obtained. 

In  
the initial melting, the polymer exhibits a doublet as in Figure 3. Crystal- 
lizing and remelting of the sample gives melting endotherms similar to that 
of the original material shown in Figure 5A. 

Heats of fusion (AH,) for control arid humidity-aged EAA of 14 and 17.6 
cal/g, respectively, were obtained from DSC traces. 

If adjacent units of the acrylic or methacrylic acid occur in an ethylene 
copolymer they could be represented as glutaric acid units (I) : 

Figure 6 shows the same sequence for humidity aged copper-EAA. 
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Substituted 
glutaric acid 

R - H i f E A A  
R = CH, if EMAA 

I 
It has been demonstrated from dissociation constants in waterg of alkyl 

dicarboxylates that the order of stability of complexes with a number of 
bivalent transition metal ions is Zn < Cu > Ni > Co > Fe > Mn. Glutaric 

Fig. 4. 

- 
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Partial differential polymer analysis of 

- 
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metal-polymer aged 7OoC/95 RH. 
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acid and, to a greater extent, substituted alkyl glutaric acids, as illustrated 
above, form exceptionally stable complexes with copper. 

The assumption is made in the present study that water vapor and oxy- 
gen readily permeate the thin polymer coating and react with base copper 
or a copper oxide layer to solubilize it. The rate of oxidation of a cuprous 

EXOTHERM 

I? 01 
T,*C 

107 sr ar 17 67 
T, "C 

A. INITIAL MELTING 6. CRYSTALLIZED 

1 

IOI  97 07 7 f  107 9? 87 ?I 67 
T, "C T,% 

C. MELTING AFTER ANNEALING 87*C/2 HRS D. REMELTING 

Fig. 5. Differential scanning calorimetric analysis of Cu-EAA (1.5 mg) control: 
(A) initial melting; ( B )  crystallized; (C) melting after annealing, 87"C/2 hr; (D) re- 
melting. DSC-1 record; range 2 mcal/sec; scan rate 10"C/min; nitrogen; chart speed 
1.0 in./min. 

103. C .  T, 
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86.C 
\ 

T.'C 

B. CRYSTALLIZATION 

107 97 07 77 

T.*C 
C. REMELTING 

Fig. 6. Differential scanning calorimetric analysis of aged (31 days) Cu-EAA (1.63 
mg). DSC-1 record; range 4 mcal/sec; scan ratg 10"C/min ( - 10°C/min in crystal- 
lization); nitrogen; chart speed 4.0 in./&. 



1880 B. WARGOTZ 

oxide or copper layer would be increased by the presence of hydrogen ions 
contributed by the carboxylic acid of the EAA ionized under humid condi- 
tions : 

~ C U +  + 4H+ + 02 + ~ C U + +  + 2Hz0 

From infrared evidence, the acid functions of EAA or EMAA form an ionic 
complex with the cupric ion at  the metal polymer interphase. A weak 
boundary layer also forms. With aluminum, under the conditions of 
testing, the oxide layer appears to be more stable than that on copper and 
does not react chemically with the EAA. 

The DSC results indicate that an increase in the crystallinity of EAA and 
EMAA (as indicated from increased heat of fusion) can be anticipated on 
aging metal-adhesive copolymer composites or metal-adhesive copolymer- 
metal laminates. The doublet observed with DTA (Figs. 3 and 4) a.:d 
with DSC traces (Fig. 6) for EAA appears to disappear as the metal- 
adhesive copolymer is aged (Fig. 4). Mandelkernlo and Bair" have ob- 
served the formation of a doublet in the DSC curves of conditioned single 
crystals of high-density polyethylene. Doublet formation is attributed to 
partial melting of crystals initially present, recrystallization of this material, 
and lastly complete melting of complex morphological structure formed. 
These structures are not present originally. In a similar manner one might 
interpret the doublet formation in the humidity aged EAA. However, the 
doublet shown in Figure 6A does not arise as in single crystals of high- 
density polyethylene during the DSC study but is originally present. The 
reduction in strength of the EAA-copper bond does not appear to be in- 
fluenced by the increased crystallinity arising during the aging of EAA as 
evidenced by the retention in strength observed for aluminum-EAA bond 
with similar crystallinity changes (Fig. 4). 

It is also possible that other mechanisms are affecting the copper-EAA 
bond and that the formation of a copper salt of the acrylic acid at the metal- 
adhesive copolymer interphase, occurs after failure of the bond. '2 

Thermai-Oxidative Behavior 

In Figure 7, the amount of oxygen uptake increases with increasing 
acrylic acid content. Plotting tlo (time for 10 cm3 of oxygen to be absorbed 
by 1 g of polymer) versus the reciprocal of the absolute temperature is an 
arbitrary method to assess the ease of oxidation. The tlo values on low- 
density polyethylene, ethylene-ethyl acrylate copolymer (EEA), EAA (8% 
acrylic acid), and EMAA (9yo methacrylic acid) are shown in Figure 8. 
It is apparent that the presence of the acid function in ethylene copolymers 
increases the susceptibility to oxidative attack. 

EAA can be described as a polyethylene backbone with pendant carbox- 
ylic acid groups. These acid groups are electron-withdrawing substituents 
which activate the hydrogens attached to the carbon atoms containing the 
carboxylic acid groups.13 By the sequence of reactions (1)-(5) these 
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hydrogens can be readily removed to give a free-radical species (1) which 
reacts with oxygen (2) 

Polymer -f R '  
I%' + 0 2  + RO,. 
R02 ' + H - solvent + ROOH + solvent ' 

ROOH-, ItO' + 'OH 
RO' + polymer --* It' (polymer) + KOH 

Fig. 7. Oxygen uptake of EAA as a function of acid content,. 

-0- EAA ( 6  % ACID) - POLYETHYLENE (DYNKI - EMAA (9 % ACID) - EEA (16% ESTER) 

Fig. 8. Arrhenius plot,. Induction period ( t l o )  of the thermal oxidation of polyethylene 
EAA, EMAA, and EEA as a function of the reciprocal of the absolute temperature. 
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-'w +CB'CHANNEL CARBON BLACK 

Fig. 9. Oxygen uptake of EAA (12% acid) containing antioxidant and channel carbon 
black at 140°C. 
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Fig. 10. Thermogram of the weight, loss and differential weight loss as a function of 
temperature for EAA (8% acid). 

tro give the peroxy radical (ROz') followed by a combiriatioii of ROz' with 
hydrogen (3) available, e.g., from trace solvent left from processing or 
oxidizing polymer, to give a hydroperoxide, ROOK. On slight heating, 
reactions (4) and (5) would occur to generate the polymer radical (R') 
which propagates by step (2). It has been demonstrated that the rate of 
autocatalysis in the presence of oxygen for polymers is related to the rate of 
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TEMPERATURE ( ' C )  

Fig. 11. Thermogram of the weight loss and daerential weight loss as a function of 
temperature for EMAA (9% acid). 
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Fig. 12. Thermogram of per cent, weight, loss as a ftmction of t,ime of exposure under iso- 
thermal conditions for EAA (8% acid). 

formation and homolytic decomposition of hydroperoxides. Hydroperox- 
ides from the sequence of reactions depicted in eqs. (1) and (2) should be 
present in EAA to a greater concentration than present in ethylene homo- 
polymer because more labile hydrogens are present. 

The esters of these acids, EEA, are apparently more resistant to oxidation 
than EAA. This is apparent from the slope of the lines from Figure 8, 
ivherc EEA with 18% acrylate is compxed to EAA with S% acrylic acid. 
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Fig. 13. Thermogram of per cent weight loss as a fruiiction of time of exposrire iuider iso- 
ihermal conditions for EMAA (9% acid). 

It, has been observed that over the tcmperature range of 60-140°C 
oxidation of EMAA (9% methacrylic) proceeds with a longer induction 
time than that of EAA (8% acrylic acid).14 This suggests that substitution 
of the labile hydrogens by -CH, groups is conducive to greater oxidation 
stability. The assumption is made that, in the synthesis of EAA and 
EAIAA to equivalent acid content, the proportion of -CHp branching in 
the polyethylene portion of the ethylene copolymer is not altered. 

Oxygen uptake data of EAA (12% acid), with 4,4-thiobis(6-tert-butyl 
m-cresol) and in combination with channel carbon black are shown in 
Figure 9. Similar stabilizer systems but with lower antioxidant contents in 
polyethylene have been observed to give considerably longer induction time 
in oxygen uptake at  140°C. 

Thermogravimetric data at  265-370°C (Fig. 10) for EAA show that there 
is a 5% weight loss prior to rapid degradation while EMAA exhibits a 10% 
weight loss in the same temperature range (Fig. 11). EAA and EMAA 
decompose in three stages during heating in air, as does polyethylene.15 

From the differential curve (Fig. 11) for EMAA decomposition, it is 
evident that its maximum weight loss occurs in two stages at  385°C (15 
mg/lO"C/5 min) and 423°C (14 mg/lO"C/5 min). For EAA, the maxi- 
mum rate of weight loss (Fig. 10) occurs at  390°C (30 mg/lO"C/5 min). 
The lower rate of weight lose for EMAA at the temperature of decomposi- 
tion (T,) indicates that after the initial volatilization, EMAA forms a more 
thermally stable residue. With EMAA and EAA, heating in air would be 
expected to result in the formation of an anhydride structure analogous to 
that arising during the thermal decomposition of poly (methacrylic acid) .I6 
These anhydrides may form crosslinks between adjacent macromolecules 
and thereby increase the rigidity and thermal stability of the polymer. 
The above thermogravimetric data suggests that EMAA forms a more 
stable crosslinked structure. 
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Thermograms of the behavior of EhlAA and EAA under isothermal 
conditions were determined. The isothermal data were plotted on a semi- 
log scale in Figures 12 and 13. From the figures it appears that at tempera- 
tures above 310°C and short exposure time, volatiles would be produced 
sooner with EAA than with EMAA. 

Figure 14 shows the specular reflectance spectrum of copper-EAA after 
4 hr of heating at 150°C in air. The spectrum at room temperature 
prior to heating has no bands observable at 1600, 1750, or 3550 cm-'. The 
bands at 3550 and 1750 cm-I in Figure 15 are detected at room temperature 
after heating to 120°C. After 2.5 hr at 150"C, the intensity at 150°C of 
the band at 1600 cm-' increases but no significant change in the band at 
3550 cm-' occurs. When cooled to room temperature, the band at 1600 
cm-l is retained in the spectrum, while the bands at 3550 and 1750 cm-I 
disappear. Further heating at  150°C of the sample in air for a total reac- 
tion time of 7.0 hr resulted in a broadening and increase in intensity of the 
band at 1600 cm-l. The specular reflectance spectrum of copper-EMAA 
heated at 150°C in air showed similar behavior to that of the copper EAA 
system, except that the intensity of the 1600,1750, and 3550 cm-' bands in 
the spectrum of the aged samples was more marked. The transmission 
differential absorption spectrum of EAA recovered after 7 hr aging in air 
at 150°C as copper-EAA is shown in Figure 15. A similar spectrum is 
obtained when aged EMAA is compared to control samples. Absorption is 
observed at 3330 (-OH), 1600 (COO-), and 1400 cm-' (COO-). 

Specular reflectance spectra of tin-plated steel-EAA and aluminum-EAA 
obtained during heat aging at 150°C in air show the development of a band 
at 3550 cm-l and a shoulder at 1750 cm-' on the carboxyl band at 1700 
cm-', but no band developed at 1600 cm-'. 

Recent work5 has suggested that the bands at 3550 and 1750 cm-' 
observed during heating of EMAA, and in turn to be expected in EAA, are 
attributable to free hydroxyl stretching and monomeric carbonyl stretching 
vibration, respectively. 

The author is indebted to W. L. Hawkins and L. H. Sharpe for comments and discus- 
sions concerning this work and to H. E. Bair for performing the DSC analysis. 
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