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Differential scanning calorimetry (DSC), thermogravimetric analysis (TG) and 
infrared (IR) spectroscopy have been used to examine the chemical and physical 
changes (crystallinity, accumulation of oxygen-containing groups, etc.) during thermal 
oxidation of polyethylene, polypropylene and Penton contained in coatings and metal- 
filled films, taking into account the thickness of the polymer layer and catalytic activity 
of the metal. 

When polymeric coatings on metals or metal-filled polymeric films undergo 
thermal oxidation, destruction and cross-linking of macromolecules occur; oxygen- 
containing groups (carbonyl, ether, etc.) accumulate; the degree of crystallinity 
varies along with the size and shape of the crystalline formations [1-  5]. 

Polymeric coatings on metals and metal-filled polymeric films are subject to 
non-uniform oxidation across the depth. The oxidation may take place in the 
surface layers of polymers or those contiguous to the metal, depending on the 
catalytic activity of the metal relating to polymer oxidation, the temperature of 
oxidation, the polymeric film thickness and other factors. However, the peculiari- 
ties of polymer contact oxidation have not been studied adequately. 

The present paper deals with the study of the thermal contact oxidation of 
polymers: high-density polyethylene, polypropylene and Penton 
( - CHzC(CH2C1)CH20-). 

Powdered high-density polyethylene, isotactic polypropylene and Penton were 
tested. The substrates were metallic foils 50 and I00 #m thick, made of iron, 
aluminium and copper. Disperse metals, namely iron, nickel, lead and copper, 
with particle size below 50 #m were used as fillers. The compositions of the poly- 
mers and fillers were obtained by mechanical mixing of the components. Films 
of different thicknesses, including those on metals, were prepared from the poly- 
mers and their compositions by hot moulding. The moulding regimes were: 
413 K for polyethylene; 453 K for polypropylene; 473 K for Penton; time: 
60 sec; pressure: 10.0 MPa. The polymeric films on metals were oxidized in air 
in thermal cabinets at temperatures above those of polymer melting. Thermal 
analyses were carried, out with an OD-102 derivatograph (MOM, Hungary), 
using a platinum pan-like specimen holder. The heating rate of the specimens 
was 2.5~ The structural changes in the polymeric films oxidized on metals 

J. Thermal AnaL 24, 1982 



10 EGORENKOV et al.: THERMAL ANALYSIS OF COMPOSITES 

under isothermal conditions were evaluated by means of DSC using a DSM-2 
instrument at a scanning rate of 12.5~ The chemical changes in the polymers 
during oxidation were studied by IR spectroscopy using a UR-20 spectrophotom- 
eter (Karl-Zeiss, DDR). The oxidation was evaluated via the variations of the 
coefficient of band absorption damping of the carbonyl C = O  (v = 1710- 
1720 cm -1) and ether C - O - C  (v = 1170 cm -1) groups. 

Figures 1 and 2 show the IR spectroscopy results of distribution of the optical 
density values corresponding to the absorption bands of the carbonyl groups and 
ether bonds, and values of thicknesses of polyethylene and Penton coatings oxi- 
dized on iron, aluminium or copper. Iron and copper, unlike aluminium, are 
catalytically active metals during thermal oxidation of polyethylene [6]. When 
polyethylene was oxidized on aluminium, the oxidation process occurred mostly 
in the surface layer (Fig. 1, curves 2 and 6); on iron or copper the oxidation 
occurred in the surface layer and at the metal-polymer interface; the inner layer 
remained unoxidized for a long time (Fig. 1, curves 1, 3 - 5  and 7-11) .  The 
thicker the coating, the less oxidized the inner layer was for polyethylene coatings 
on iron. Similar results were characteristic of Penton coatings as well (Fig. 2). 

Owing to the oxidation of polymeric coatings, considerable variations were 
observed in their crystallinity. Figure 3 presents data on the variations of the 
relative area of the polymer melting peak for the surface layers and those contig- 
uous to steel for polyethylene coatings 10 #m thick and Penton coatings of 
different thicknesses, obtained by differential scanning calorimetry. In the layer 
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Fig. 1. Distr ibut ion across the depth t of  ether (1--4) and carbony! (5--11) groups for poly- 
ethylene coatings 200 #m thick (1, 5), 300 #m thick (2, 3, 6, 7, 9-- 11) and 800 #m thick (4, 8), 
oxidized at 453 K (1-- 8) and 413 K (9-- 11) during 1.8 ksec (11), 3.6 ksec (1-- 8), 4.2 ksec (10) 

and 9.0 ksec (9) on aluminium (2, 6), iron (1, 3, 4, 5, 7, 8) and copper (9-- 11) 
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Fig. 2. Distribution across the depth t of carbonyl groups for Penton coatings 1200 #m 
thick (1, 2) and 1500 #m thick (3, 4), oxidized at 503 K (1, 2) and 473 K (3, 4) during 7.2 ksec 

(1, 2, 4) and 18.2 ksec (3) on iron (1), aluminium (2) and copper (3, 4) 
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Fig. 3. Influence of the oxidation period ~ at 453 K (1-- 4) and 503 K (5-- 7) on the variation 
o f  the melting peak area S in the surface layer (1) and that conjugate to the iron (2-- 7) having 
a thickness of  10/~m, of polyethylene (1--4) or Penton (5--7). Coating thicknesses: 200 #m 
(1, 4); 300 #m (7); 500 #m (1, 3, 6); 800 #m (1, 2); 1300 r (5). �9 200 Fro, zx 500 #m, 

[] 800 #m 
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of polymeric coating conjugate to the catalytically active metal, the crystallinity 
was found to decrease. In the early period of oxidation the coating thickness, in 
fact, did not influence the decrease of crystallinity in the layer conjugate to the 
metal. After durable oxidation the degree of crystallinity in that layer was the 
lower, the thinner the coating (Fig. 3, curves 2-7) .  The coating thickness (200- 
800/zm) did not influence the variation of the crystallinity of the polymer surface 
layer despite the period of oxidation. Here, in the early stage of oxidation an 
increase of the crystallinity was observed; with further oxidation the crystallinity 
decreased almost to zero, i.e. the surface layer of the coating became amorphous 
(Fig. 3, curve 1). The authors believe, that the differences in the variations of 
crystallinity of the polymer surface layer and that conjugate to the metal are 
associated with the peculiarities of the destruction and cross-linking of macro- 
molecules in those layers. After prolonged oxidation of the coatings from cross- 
linking polymers, including polyethylene, autoinhibition of the oxidation process 
was observed in the surface layer, probably associated with strong macromolecular 
cross-linkage under autocatalytic oxidation [4]. 

Figure 4 presents data on the influence of the thickness of the polymer coatings 
on aluminum, iron or copper on the absolute and specific increments of their 
weight after oxidation, as obtained by non-isothermal thermogravimetric analysis. 

For coatings on the catalytically inactive substrate (aluminium) [7], a drop irt 
the specific (per unit of coating thickness) increment of the weight was observed 
with the increase of the coating thickness. This is due to the oxidation occurring 
within a comparatively thin surface layer of the coating [7, 8]. For the coatings 
on catalytically active substrates (iron and copper), such a regularity was found 
only with large thicknesses (above 300 #m), when the effect of the substrate ort 
the coating oxidation could be neglected. The thinner the coating and the higher 
the catalytic activity of the metal, the lower the specific increment of the weight. 
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Fig. 4. Influence of thickness t of polyethylene coatings on aluminium (1, 4), iron (2, 5} 
and copper (3, 6) on the weight increment AM (1--3) and the specific weight increment 
AM/t (4--6) as obtained with TG when polyethylene coatings were oxidized under non- 

isothermal conditions. Surface area of samples: 23.5 cm 2 
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For  thin coatings this is associated with metal migrat ion into the polymer  (in 
the fo rm of  carboxylic acid salts) and, correspondingly, with the transit ion o f  the 
heterogeneous catalysis o f  oxidation to a homogeneous  one. Low molecular 
weight carboxylic acids are the major  products  of  the oxidative destruction of  
polymers [3]. Because of  this, the rate of  oxidation o f  thin polyethylene films 
(up to 200 #In) on iron, copper, lead or  other catalytically active metals is higher;  
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Fig. 5. Dependence of the weight increment A M  obtained with TG on the thickness of poly- 
ethylene (a) and potypropylene (b) films. 1, 6 -- unfilled polymers; 2--5, 7--9 -- polymers 
filled with 5.0 vol. % nickel (2, 7); iron (3); lead (4, 8) and copper (5, 9). Surface area of samples: 
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Fig. 6. DSC curves of unoxidized (1) and oxidized (2) polyethylene films; surface layer 10 #m 
thick (3) of film oxidized at 453 K during 0.9 ksec; mixtures of the oxidized surface layer and 
unoxidized polyethylene (4); of chemically cross-linked and pure polyethylene (5); oxidized 

polyethylene containing 5.0 vol. % lead (6) 
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autoinhibition may be reached earlier than on inert substrates [4, 7]. Similarly, 
the fillers influence the oxidation of polyethylene and polypropylene films (Fig. 5). 
The more active the filler is for polymer oxidation and the higher its concentra- 
tion, the lower the total amount of oxidation of the polymer films and their 
weight increment at oxidation. 

With macromolecular cross-linking due to polymer oxidation or the incorpora- 
tion of cross-linking agents, etc., the melting temperature decreases (Fig. 6, curves 
1, 3 and 5) which is probably associated with the crystal imperfection. Owing 
to this, the melting temperature of the surface-oxidized layers of polymeric coat- 
ings is considerably lower than the melting temperature of the unoxidized polymer 
or oxidized polymeric coating. Non-uniform oxidation of the polymeric coatings 
across the depth, and the dependence of the melting temperature on the degree 
of polymer oxidation, give widened melting peaks in the thermograms of the 
oxidized polymeric coatings (Fig. 6, curves 1 and 2); in some instances multiplet 
peaks were observed. Multiplet peaks may occur with a distinct non-uniformity 
of oxidation, for instance with lead powder-filled polyethylene (Fig. 6, curve 6). 
A similar effect of the peak multiplicity was observed for the mixtures of oxidized 
and unoxidized polymers (Fig. 6, curve 4) and mixtures of chemically cross- 
linked (with peroxide compounds, for instance) and non-cross-linked polymers 
(Fig. 6, curve 5). Similarly, the oxidation affects the melting temperature inter- 
vals and crystallization of polymers at the spherulite level, as found with the 
optical polarizing microscopy [9]. 
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ZUSAMMENFASSUNG - -  DSC, thermogravimetrische Analyse (TG) und infrarot (IR) Spek- 
troskopie wurden zur Untersuchung der wS, hrend der thermischen Oxidation von in Bel~tgen 
und metallgefiillten Filmen enthaltenem Poly/ithylen, Polypropylen und Penton stattfinden- 
den chemischen und physikalischen Veriinderungen (Kristallinit~tt, Anh/iufung stickstoffhalti- 
ger Gruppen usw.) eingesetzt. Hierbei wurden die St~trke der Polymerschicht und die katalyti- 
sche Aktivitfit des Metalls in Betracht genommen. 

Pe3ioMc - -  MCTOAaMrI AnqbqbeperlIIrlaJIr~HO~ ci~aH~IpymlIle~ KaJIOprlMeTprll, I, TepMorpaBmweTprI- 
~ecxoro ananH3a ~t HHqbpagpacHo~ clTeKTpOCKOInlIt rI3y~IeHI, I x~iMri~ecK~ie rI ~li3iiqecKtte H3Melfe- 
Hma (Kp~tcTaJIJIrI~HOCTb, Hai~omleHrlei~cJIopo~co~Iepx<amrlX rpyrm rI~lp.) IlprI TepMIIqeCKOM OKI, Ie- 
JIeHI, tl'[ noJiH3THgieHa, noarnlpolmJIelm rt neHToHa B IIOKpNITH~IX leI HalIOJIHetlItblX MeTa~IJIaM~ 
rlJICHKaX C yqeTOM TOYIII~tlHbI CJIO~ rioJiHMepa H KaTaJII~TNHeCKO~ aKT~IBHOCTI~ MeTRJIYla. 
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