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In considering the materials used as adhesives it is easy to note that 
almost all of them are high polymers. Thermoplastic and thermosetting 
resins, natural resins, cellulose derivatives, proteins, and rubbers are known 
to be used for bonding. It is important that only high molecular substances 
with their long-chain molecules have pronounced adhesive properties. 

Only such inorganic compounds as cements and solders can be considered 
as nonpolymeric adhesives. However, the bond formation with cements 
and solders takes place in accordance with completely specific mechanism 
(fusion of crystals, welding) which has little in common with the formation 
of the usual adhesive bond and can only conventionally be considered as 
bonding. As far as bonding with sodium silicate is concerned, it is estab- 
lished at  present that sodium silicate can be considered as an inorganic high 
molecular substance. 

The present paper is a discussion of the mechanism of specific adhesion 
of polymers to each other. This case of adhesion is of great practical im- 
portance. The production of tires, confection of rubber products, produc- 
tion of rubber wear by glueing, as well as bonding and welding of plastics, 
and sizing of paper are all based on polymer-to-polymer adhesion. The 
technology of most of the aviation materials and of the artificial leather is 
also entirely based on the process of polymer .to-polymer bonding. Finally, 
bonding with polymers is widely used in wood processing and plywood 
manufacture, civil engineering, during the assembly of airplanes, and in a 
good number of other branches of engineering. Polymer-to-metal adhesion 
is not discussed here because of a special character of polymer-metal bond, 
which is probably chemical in most cases. The adhesion of polymers to 
inorganic glass is not considered here either though glass represents in- 
organic polymer and the authors of the present paper have some grounds 
to believe that the mechanism of polymer-to-glass adhesion in some cases 
is similar to that of polymer-to-polymer adhesion. 

Attempts a t  theoretical generalization of the results obtained were made 
by the first investigators of bonding.2-6 However, the importance of the 
earlier investigations in the development of a theoretical approach to the 
bonding of polymers is depreciated by the fact that in most cases bonding of 
surfaces (wood, metal, glass, etc.) has been studied by means of the layer of 
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liquids or solids whose nature is quite different from all the typical poly- 
mers. Also in these investigations in testing bond strength little attention 
was paid to the type of failure though determination of the type of separa- 
tion is one of the fundamentals for correct evaluation of adhesion. Finally, 
earlier authors attempted to relate adhesion to wetting and incorrectly 
approached the bonding as a thermodynamically reversible phenomenon. 

&markable progress in the physical chemistry of adhesion has been made 
only during the last few years. These years mark the appearance of the 
adsorption and electric theories of polymer adhesion. The adsorption 
theory considers adhesion as a purely surface process which is analogous to 
the adsorption and accounts for the formation of a strong bond between 
adhesive and adherend through intermolecular forces. 

The role that adsorption plays in adhesion was already pointed out by 
Bancroft back in 1926.2 However a complete adsorption theory for the 
case of polymer-to-polymer adhesion was developed by McLaren and co- 
workers.’- l1  

According to McLaren the formation of adhesive bond can be divided into 
two stages. The first stage consists of the migration of large polymer mole- 
cules from the solution to the surface of the adherend as a result of micro- 
Brownian motion. As a consequence polar groups of macromolecules of 
the adhesive approach the polar groups of the adherend. Through pressure 
and lowering of viscosity during heating, the chain segments can approach 
the surface very closely even in the absence of a solvent. The second stage 
of adhesion consists of the sorption process. When distance between 
molecules of adhesive and adherend becomes less than 5 A, intermolecular 
forces come into play. This includes the whole “force spectrum” starting 
with dispersion forces (about lo2 cal./mole) up to hydrogen bonding with 
energies in the range of 10’ cal./mole. The bonds formed can be repre- 
sented by the dipoledipole bonds (cellulose-polyvinyl chloride), dipole- 
induced dipole bonds (cellulose-polystyrene), and hydrogen bonding 
(cellulose-polyvinyl alcohol). 

In spite of the broad circulation of the adsorption theory of adhesionlsJa 
it has the following flaws concerning its application for polymers: 

1. As shown by Deryagin and & ~ t o ~ a ~ ~ J ~  the peeling work of the ad- 
hesive film can reach values as high as 10CIOo ergs/cm.2, but the work re- 
quired to overcome molecular forces does not exceed 102-105 ergs/cm.2. In 
other words, the real work of adhesion is several magnitudes higher than 
that expected from molecular forces. The attempts a t  explaining this by 
attributing it to the expenditure of work of film deformation when peeling 
failed. 

2. As established by Deryagin and & O ~ Q V B , ~ ~  adhesion depends upon the 
peeling rate of the adhesive film while the work required to overcome the 
molecular forces must not depend on the separation rate of the molecules. 
3. Adsorption theory cannot account for the high adhesion between non- 

polar polymers. However, it is known that such nonpolar polymers as 
polyisobutylene, natural rubber, and gutta-percha show good adhesion to 
a number of adherends. 
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4. As will be shown later, the fact that too high poiruity of the polymer 
tends to decrease adhesion to very polar adhered condradicts the adsorption 
theory. If adhesion were determined only by adsorption it would increase 
in this case. 

6. Finally, as is known, the adhesion of polymers containing double bond 
decreases abruptly even at  slight vulcanization vanishes completely when 
the molecular weight M ,  between two network junctions approaches 5ooo. 
If adhesion were determined by adsorption this phenomenon would be in- 
explicable bemuse such a long segment would of course h v e  suflicient 
mobility in order to have its active groups approached to active centers of 
the adherend. 

To account for these facts, for which the adsorption theory offers no 
explanation, the electric theory of adhesion was suggested by Deryagh 
and Krotova.1411b 

In  accordance with this theory the adhesive-adherend system is iden- 
tified with a condenser, the plates of which are the double electric layer 
that arises when contacting two different substances. When peeling of the 
bonded sample occurs it may be pictured as the separation of the plates of 
the condenser; the difference in potential then develops up to a certain 
limit where discharge occurs. On rapid peeling, the charges do not have 
time to leak, and the high initial charge density is preserved until gas dis- 
chaxge occurs. This, then, is the basis for the high values of adhesion since 
the action of the attraction forces of opposite charges is overcome at  rela- 
tively great distances. When slow separation takes place the adhesion is 
decreased naturally as a result of partial removal of charges from the sur- 
faces formed; the dependence of the value of adhesion upon the peeling 
rate is a proof for such a mechanism. Indication that electric phenomena 
may take place during the peeling of polymer bonded samples is given by 
the following: electrization of the surfaces formed, presence of the elec- 
trical discharge and electronic emission in some cases, and decrease of ad- 
hesion on irradiation of bonded sample by x-ray, gamma rays, etc. 

It should be noted that the viewpoint according to which adhesion is 
caused by purely electrical phenomena is a t  present shared by other in- 
vestigators. l6 

However, the electric theory alone cannot provide an explanation for 
polymer-to-polymer adhesion. First, the phenomena of the surface 
electrization, gas discharge, electronic emission, etc., are not detectable 
in many cases of separation of adhered polymer pairs. In other cases 
these phenomena are only observed under special conditions, though given 
pairs of polymers form a strong bond even if no electrical phenomenon 
is observed during the process of peeling. Secondly, when polymers are 
dielectrics, it is difficult to admit that considerable quantities of electrons 
can be transferred from one polymer to the other thus creating a large 
enough contact potential between adhesive and adherend. Thirdly, it is 
known that the more similar the nature of high polymers, the higher their 
adhesion. If the whole phenomenon could be reduced to the formation of a 
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double electric layer, the opposite relationship should be observed because 
the more similar phases brought into contact, the lower the contact poten- 
tial difference. 

Fourthly, if adhesion arose solely from the formation of double electric 
layer, adhesion between carbon black loaded polymers would be impos- 
sible since such systems are good conductors. However it is common 
knowledge that such systems show good adhesion not only to each other 
but also to metals. 

Finally, this theory also cannot explain the decrease of adhesion on 
vulcanization of rubbers since the presence of a small quantity of sulfur in 
adhesive should not greatly influence the contact potential. 

It is the authors’ opinion therefore that the electric theory of the poly- 
mer-to-polymer adhesion is only applicable in cases when polymers are 
incompatible or insoluble in each other. If both polymers are compatible 
it is necessary to distinguish between two cases-adhesion of nonpolar and 
that of polar polymers. When a bond forms between nonpolar polymers, 
the electrical mechanism is not acceptable since such polymers could not be 
electron donors. It is the present authors’ opinion that adhesion in this 
case is caused by the interlacing of the surface macromolecules due to their 
mutual diffusion. Upon formation of bonds between polar polymers the 
double electric layers can arise; but if the polymer molecules or any of their 
portions are capable of intense thermal motion “sewing together” of 
both layers will also occur as a result of diffusion. As the time of contact 
increases, the importance of the first mechanism will of course gradually 
decrease but that of the second will increase due to disappearance of the 
contact surfaces and increasing penetration depth of the macromolecules 
of the adhesive into the adherence. Morozova and Krotova experimentally 
investigated the relative importance of electrical and diffusion processes 
in the adhesion of polymers and came to similar  conclusion^.'^ 

In accordance with the views of Voyutskii et a1.18-21 adhesion of polymers 
to each other as well as their autohesion is, in many cases, reduced to the 
diffusion of chainlike molecules and as a result leads to the formation of 
a strong bond between adhesive and adherend. The possibility of self- 
diffusion of polymers and the diffusion of one polymer into another does not 
cause any doubts22 at  present if both polymers are not in glassy or crystal- 
line state. Also, the diffusion nature of autohesion causing the confection 
of nonvulcanized rubber articles, 23 welding of thermoplastics, 24 the produc- 
tion of articles from molding powders,25 and the film production from the 
dispersion of polymersz6 was proved by a number of ~ o r k s ~ ~ - ~ ~  and hence 
there is no necessity to dwell upon this matter. 

The difference between adhesion and autohesion is that the latter is 
accompanied by the diffusion of identical molecules, i.e., by self-diffusion, 
while in the former the diffusion of two different types of macromolecules 
occurs. The essential peculiarity of the diffusion theory of adhesion, in 
which it differs from the other theories, lies in the fact that it involves the 
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most characteristic properties of polymeric substances : their chainlike 
structure, the flexibility of their molecules, and the ability of the latter 
for micro-Brownian motion. 

It is worthwhile to note that as a rule adhesive molecules have the ability 
to diffuse. However, if the adhesive is applied in solution, and the ad- 
herend is capable of swelling or dissolving in this solution, a remarkable 
diffusion of the molecules of adherend into the adhesive may occur. Both 
processes lead to the disappearance of the boundary between the phases and 
to the formation of a bond presenting a gradual transition from one polymer 
to the other. Hence, adhesion, according to the diffusion theory, essentially 
presents a volume phenomenon. 

Because the diffusion theory provides for the formation of a sturdy transi- 
tion layer between the adhesive and adherend, unlike the adsorption 
theory it easily explains the lack of agreement between the peeling work 
and the work required to overcome the molecular forces between the ad- 
hesive and the adherend. The diffusion theory also explains the rate 
dependence of the adhesion work on the basis of the interpretation for the 
rate dependence of the tensile strength of polymers. 

It is quite obvious that the diffusion of molecules of one polymer into 
another is nothing but solubility Voyutskii was the first to point out the 
value of mutual solubility of polymer for their adhesion.35 He suggested 
using polymer-to-polymer adhesion as a criterion for their compatability. 
Later Deryagin et al. 36 also emphasized the relationship between compatibil- 
ity and adhesion and suggested judging adhesion by cornpatability data. 

Mutual solubility of the components is important for their adhesion 
and in the first approximation is determined by the polarity of polymers;37 
it is also in good agreement with the known empirical de Bruyne's rule, 
according to which adhesion is strong only when both polymers are either 
polar or nonpolar and is made more difficult in the case of polar plus non- 
polar polymer. The usual objection to the diffusion explanation of 
adhesion of elastomer to high molecular but rather dense and stiff ad- 
hrrend such as cellophane3* comes down to the fact that the molerules 
of adhesive cannot penetratc into such a adherend. However, it is neces- 
sary to keep in mind that the penetration of the molecules of adhesive into 
the adherend to a negligible depth (of the order of 10 A) is sufficient to 
increase manifold the adhesion strength. This is supported by Patri- 
keev's elementary  calculation^.^^ Such a small depth of penetration 
presents difficulties in the direct experimental proof of the presence of the 
diffusion phenomena during adhesion. Kevertheless, under definite 
conditions when polymers have sufficiently high diffusibility, Morozova 
and I i r ~ t o v a . ~ ~  cstaMishcd t hc prcscncc of diffusion during adhesion with 

In addit ion to gcricwl c.onsidrrations 1 hat confirm the correctness of 
the diffusion theory of adhc.sion thcrc arc a scrics of expcrimeiial data and 
observations in favor of it. 

the aid of mic*rosc.opic* invchf igc d t 1011. ' 

Only somc of these will be gone into. 
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The Effect of Contact Time of Adhesive and Adherend 
Little attention has so far been paid to the influence of contact time 

between adhesive and adherend. But this dependence is one of the most 
substantial proofs of the diffusion theory of adhesion. Figure 1 shows a 
typical curve characterizing the adhesion of butadiene-acrylonitrile copoly- 
mer containing 38% nitrile to the cellophane eluted from glycerol (plastici- 
zer) as a function of time from the moment of bonding sample to the moment 
of its peeling.1g As can be seen, at. first the adhesion between high molecu- 
lar adhesive and polymeric adherend rapidly increases with contact 
time and then increases progressively slower approaching finally a certain 

100 Q...... 

Fig. 1. Adhesion Ad of butadiene-acrylonite copolymer containing 38% nitrile to 
cellophane VB. time from the moment of the preparation of the bonded sample to the 
moment of ita peeling. 

limiting value. The increase in adhesion as a result of the removal of the 
air from the surface of adherend raising the real contact area is impossible 
in this case because the bonded samples were prepared by the application 
of adhesive solution to the adherend. Analogous results were obtained 
by Forbes and MacLeodaS during the investigation of the adhesion of 
different elastomers pressed together under low pressure at varying times. 
This excludes the possibility of explaining the increase in adhesion as a 
result of evaporation of the remaining solvent. 

Neit.her adsorption nor electrical theory can provide the satisfactory in- 
terpretation of the increasing adhesion strength with the time represented 
in Figure 1, and only the diffusion theory easily explains such a dependence 
by the slow penetration of the macromolecules of adhesive into the ad- 
herend. 

The Effect of Bonding Temperature or Thermal Treatment of the 
Glue Bond 

In Figure 2 a typical curve is given showing the characteristic dependence 
of adhesion upon the temperature to which the bonded samples of cello- 
phane with butadiene-acrylonitrile copolymer were heated. The samples 
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Fig. 2. Adheaion of butadiene-acrylonitrile copolymer containing 38% nitrile vs. tem- 
perature of thermal treatment of the bonded sample. 

tested were prepared by pouring the adhesive solution on cellophane and 
drying the assembly near 0°C.; before peeling, the bonded samples were 
heated at  different temperatures for 40 min. As can be seen, throughout 
the temperature investigated adhesion increased on heating without a p  
proaching a limiting value. 

Another example of temperature dependence of adhesion iEl represented 
in Figure 3.a In this case, polyamide in the form of film was used as an 
adherend and the fractions of butadiene-acrylonitrile copolymer with 42% 
nitrile in molecule was used as an adhesive. These fractions were obtained 
by fractional precipitation. The bonded samples were prepared by bring- 
ing the adhesive and film adherend into contact followed by rolling and 
heating for 30 min. at  the proper temperatures. In Figure 3 aa well aa in 
the other figures the solid curves correspond to adhesive failure; dashed 
curves correspond to cohesive failure. As can be seen, the character of the 
curves in Figures 2 and 3 in general coincides. 

Increasing the adhesion on heating of the bonded samples cannot be 
attributed to an increase in true contact area or to the evaporation or re- 
maining solvent since the increase in adhesion is observed for the bonded 
samples prepared from the copolymer solution (for which the area of real 
contact should be maximum) as well as for those prepared by bringing into 
contact the adherend and the film of adhesive without the solvent. 

The stronger adhesion with the increase in temperature of the thermal 
treatment cannot be explained by either the electric or the adsorption 
theory. If the former theory were correct the strength of adherence would 
not depend upon the thermal treatment of the adhesive bond because the 
influence of temperature on the contact potential should be reversible. If 
the latter theory were correct the adhesion should not depend upon the 
heating because the application of adhesive solution would ensure com- 
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Fig. 3. Peeling strength P of the bonded samples of polyamide with different fractions 
of butadiene-&xylonitriile copolymer with 42% nitrile vs. temperature of thermal treat 
ment of the bonded samples. ( 1  ) Fraction of molecular weight 550,000; ( 8 )  fraction of 
molecular weight 524,000; (3) molecular weight 378,000; ( 4 )  molecular weight 266,000; 
(6) molecular weight 100,000; (6) molecular weight 20,000. 

plete orientation of the segments capable of diffusing close to the surface 
of the adherend already during the preparation of the bonded sample. 
On the contrary, the diffusion theory easily explains the reason for in- 
creased adhesion through the increased thermal motion of macromolecules 
or their segments and through the increase of their diffusive penetration 
into the adherend with the rise of temperature. 

The Effect of the Molecular Weight of the Adhesive 

If the diffusion theory is correct, the value of the molecular weight and 
the shape of macromolecules involved must affect adhesion since both of 
these factors affect the rate of diffusion. It also holds true that in the case 
of the correctness of the adsorption or electric theories these factors should 
not have any large effect upon adhesion itself. 

Experiments have shown that adhesion is actually dependent upon the 
molecular weight. Figure 4 represents adhesion of the fractions of buta- 
diene-acrylonitrile copolymers with varying polarity to polyamide as a 
function of the molecular weight of these fractions. The bonded samples 
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Fig. 4. Peeling strength P of the bonded samples of polysmide with various fractiom 
of different butadiene-acrylonitrile copolymers vs. their molecular weights. . (1 )  
Copolymer with 20% nitrile; (i?) copolymer with 32% nitrile; (3) copolymer with 40% 
nitrile. 

were prepared by the rolling of adherend with adhesive film at 20°C. 
From Figure 4 it follows that adhesion of nitrile rubbers to polyamide first 
drops with increasing molecular weight, and then becomes constant. At  
room temperature the adhesion of fractions of nitrile rubbers with molecular 
weight of more than 300,000-350,OOo is very small and depctnds very little 
on the polarity of polymer. 

The independence of adhesion upon molecular weight after its definite 
limiting value was observed with completely different polymers by other 
 author^.'*^^^^ From the diffusion viewpoint such a phenomenon should be 
explained in the same way as in the case of autohesion.aL Apparently when 
the molecular weight is low and the size of the macromolecule is commen8u- 
rable with the segment length, the number of free ends (i.e., end segmenta) 
is relatively great, and consequently the probability of their diffusion into an 
adherend is also great. In keeping with purely steric reasons, the probabd- 
ity of the diffusion of the end segments of macromolecules into a bulk poly- 
mer is more than that of the middle segments. Therefore under these con- 
ditions the adhesion will be determined almost completely by the diffusion 
of the free ends of the macromolecules. As the molecular weight increases, 
the relative proportion of end and middle segments changes abruptly in 
favor of the latter, thus decreasing adhesion. Finally, at some definite 
value of molecular weight, the number of ends of macromoleeules becomes 
so small in comparison with the total number of segments in the macro- 
molecule that the participation of the former in diffusion becomes imper- 
ceptible. Hence, at  high molecular weights adhesion will be determined 
mainly by the diffusion of middle segments, and insofar M the size of the 
segment does not depend on the length of the macromolecule, adhesion 
ceases to be dependent on the molecular w-eight of the polymer. 

Such an approach is supported by the fact that Bueche et a1.** could 
measure the rate of selfdiffusion in polybutyl adylates only for the 
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samples of a molecular weight below 300,000. Also, it is of importance that 
Bueche22 noted the special role of chain ends in phenomena related to 
the flow and self-diffusion in the bulk polymer. He believed that chain 
ends serve to loosen the structure of the polymer. 

This approach also coincides with Douglas and McCall’s conclusions 
which were made after investigation of the self-diffusion in ~arafEns.~2 
According to these authors the elementary process of self-diffusion mainly 
represents the transition of the stretched molecules parallel to its axis. 

Another explanation of the independence of adhesion upon molecular 
weight (if the latter surpasses some known value) is the fact that diffusion 
is practically absent for polymers with sufficiently high molecular weight. 
The low adhesion observed is completely determined by the molecular 
forces a t  the contact line. 

From the data under consideration it could be concluded that adhesion is 
higher, the lower the molecular weight of the polymer. This conclusion is 
quite understandable on the basis of the diffusion theory: when the size 
of the molecules decreases their ability to diffuse increases add conse- 
quently adhesion must increase. However, since with decreasing molecular 
weight of polymeric adhesives their cohesive strength falls, polymers of 
medium molecular weight must obviously have optimum bonding ability; 
they are able to provide good adhesion and at  the same time a sufficiently 
high cohesive strength of adhesive. 

With the influence of molecular weight of the polymer on its adhesive 
properties the question of the influence of the polydispersity of adhesive 
is closely related. Obviously the lower the molecular fraction in polymer, 
the higher its adhesion. Insofar as the polydispersity of commercial poly- 
mers usually changes from batch to batch in sufficiently wide range it is 
becoming perfectly clear why different authors quite differently evaluate 
the adhesive properties of one and the same polymer. Polydispersity of 
the commercial polymers also explains why the adhesion of such polymers 
is always higher than that of high molecular fractions separated from 
them. 

The Effect of the Polarity of Adhesive 
Experiment shows that a t  room temperature the adhesion of the polar 

polymers to the polar adherend slightly depends upon the content of 
polar groups in these polymers. Such a conclusion can be drawn from 
Figure 4, for example. 

It is seen more clearly in Figure 5, which represents data characterizing 
the adhesion of butadiene-acrylonitrile copolymers to polyamide vs. the 
content of polar acrylonitrile groups.4o In order to exclude the influence of 
molecular weight on adhesion, an assumed fraction of molecular weight of 
320,000 waa chosen for polymers of different polarity (in this region of 
molecular weight, as one can see from Fig. 4, its change has very little in- 
fluence oh the values of measured adhesion). The values of adhesion of 
copolymers to polyamide were taken from the curves characterizing the 
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Fig. 5. Peeling strength P of the bonded aamplee of polyamide with the fractione of 
butadient+acrylonitrile copolymers of molecular weight 320,000 v8. the content of 
nitrile in the copolymers. ( 1 )  Nonheated bonded ssmplee and (#) bonded samplee 
heated at 150OC. during 30 min. 

dependence of adhesion of different fractions on molecular weight at con- 
tact temperature 20 and 150OC. 

From the basis of both Figures 4 and 5, it follows that at room contact 
temperature adhesion of copolymers to polar adherend depends to a small 
degree on the content of polar groups in the copolymer. However, at con- 
tact temperature 150OC. adhesion depends on polarity to a great extent. 
The copolymer with about 40% acrylonitrile shows minimum adhesion in 
this case. Bonded samples of less polar rubber have cohesive failure and 
reasonably high peeling strength. This proves their much higher adhesion 
to polyamide. 

On the basis of these data the following conclusion can be drawn: The 
adhesion of polar polymer to polar adherend decreases with increasing 
polarity and the less the polarity of a polymer, the greater its adhesion with 
an increase in the contact temperature. This was also discovered in other 
work.' 1,43 44  

The reason for the lower adhesion of high polar nitrile rubber can be 
sought in poor compatibility of such a polymer with polyamide or in the 
fact that the diffusion of this polymer into adherend becomes difficult be- 
cause of the low flexibility of their molecules qnd of the presence between 
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them of intermolecular forces of considerable value. However, the deter- 
mination of the swelling of various butadiene-acrylonitrile copolymers in 
caprolactam as well as the comparison of the values of specific cohesive 
energies of these copolymers show that the copolymer containing a maxi- 
mum amount of nitrile should have the best c~mpstibility.'~ Hence, both 
the higher adhesion of low nitrile content copolymers to high polar poly- 
amide and the higher increase in their adhesion with increasing contact 
temperature would be explained from a purely kinetic viewpoint by the 
greater intensity of micro-Brownian motion of their chains and by the fact 
that the increase of flexibility of molecular chains and the destruction of 
intermolecular links take place with increasing temperature more rapidly 
for these adhesives than for the more polar copolymer. 

The fact that low polar butadiene-acrylonitrile copolymers show higher 
adhesion to polyamide as compared to a copolymer of high polarity can 
serve as a good proof of the diffusion theory of adhesion. The adsorption 
theory cannot explain such a phenomenon-according to it, the adhesive 
strength can only increase with the decrease of the difference between 
polarity of adhesive and adherend. 

It should be noted that the decrease of adhesion with increasing polarity 
of a p-er cannot always be observed. For instance, MacLaren estab- 
lished7sQ that with increasing chlorine content in chlorinated polyethylene 
the strength of adherence of polymer to cellophane a t  first increased and 
then started falling. MacLaren also observed that moderate content of 
polar groups-chlorine, carboxyl, carbonyl, and hydroxyl-in macro- 
molecules may improve adhesion of polymer to cellophane. This phe- 
nomenon may be ascribed to the fact that at moderate polarity of polymer 
the increase of adhesion due to better solubility overshadows the decrease 
of adhesion because of the deterioration of the diffusibility of adhesive. 

Adhesion of polymer elastomers to nonpolar adherend is very character- 
istic. Adhesion of individual fractions of butadiene-acrylonitrile co- 

TABLE I 
Adhesion of Fractions nf Butadiene-! crylonitrile Rubbers 
to Polyienbutylene at Various Contact Temperatures 

Wm. 1 

Nitrile 
in Contact temperature, "C. 

COPO~Y- Mol. wt. of 
mer, '% fractions 20 50 100 150 175 200 

334, OOO 8 0 1 0 0  70 60 50 60 
25,000 35 50 35 50 -50 80 

408, 000 65 80 130 140 120 110 
238, Ooo 75 75 100 85 60 60 

550,000 65 50 70 90 80 50 
100,(w)o 70 50 40 50 40 90 

20 

32 

42 
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polymers to polyisobutylene a t  various contact temperatures is shown in 
Table I.4o 

As can be seen from Table I, adhesion is very low and no degree of de- 
pendence could be assigned to the changes of polarity of the adhesive, ibs 
molecular weight, and the contact temperature. 

Such a phenomenon can be explained by the noncompatability of pol& 
nitrile rubbers with nonpolar polyisobutylene. This results in the 
possibility of diffusion of molecules of the adhesive into the adherend. En 
this case abrupt difference in the polarity of the adhesive and adherend b- 
dicates that even such a strong factor in the diffusion acceleration of 
macromolecules as the temperature cannot increase the adhesion. 

The Effect of Structure of the Adhesive Molecule 

In connection with the great influence of molecular weight on adhesion 
established by the present authors, and in order to find out how such factore 
as the presence of lateral groups in the molecules and the regularity of the 
chain structure can influence the adhesive properties of a polymer, it iEl 
necessary to deal with polymers of different molecular structure but with 
the same molecular weight. Unfortunately, such experiments, insofar as i s  
known, were not conducted. However, a large amount of experimental 
data characterizing the adhesion of commercial polymers with the molecules 
of various structure to different high molecular a d h e r e n d ~ ~ - ~ l . ~ ~ # ~ ~  enables 
one to draw some conclusions which of course are not completely grounded. 

It was established that the increase of butadiene in 1-2 position in the 
molecule of polybutadiene makes adhesion ~ o r s e . ~ l  This phenomenon can 
obviously be explained by the fact that the ability of a molecule to diffuse 
decreases with increasing number of butadiene 1,2 groups in a macro- 
molecule due to purely steric factors based on the increase in the number 
of vinyl side chains. The introduction of styrene with its bulky lateral 
phenyl group into a macromolecule consisting of butadiene units also 
abruptly decreases the adhesion of copolymer to all adherends. The 
greater the content of styrene introduced into a molecule, the greater the 
decrease in a d h e ~ i o n . ~ ~ , ~ ~  The exchange of styrene for methylstyrene de- 
creases adhesion to a greater e ~ t e n t . ~ ' . ~ ~  

Hence, the presence of short lateral groups (vinyl, phenyl, methyl) in a 
macromolecule generally lowers its adhesion. However, if the side chains 
are sufficiently long they can play the part of separate chains and they will 
then diffuse with greater ease into the adherend than will the middle 
segments of the macromolecules due to steric hindrances. The correctness 
of this assumption is borne out by the data of Ma~Laren ,~ .~  who established 
that adhesion to cellophane increases in series of polymethyl methacrylate 
from poly-n-methacrylate to poly-n-butyl methacrylate. h3acLaren also 
showed that polyisopropyl methacrylate and poly-isobutyl methacrylate 
have considerably poorer adhesion to cellophane than the corresponding 
poly-n-alkyl methacrylates. 
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This stands in good agreement with the present authors’ concept of the 
influence of the shape of the macromolecules on adhesion. 

Consideration of the temperature dependence of adhesion of butadiene- 
styrene and butadiene-methylstyrene ~opolymers‘~ shows that in all cases 
the increase of temperature results in the increase in adhesion. This in- 
crease of adhesion is so great that it diminishes to a notable extent the in- 
fluence of quantitative and qualitative composition of lateral groups. 
It leads one to the conclusion that probably the increase of contact tem- 
perature promoting the increase of mobility of the macromolecules can 
make short lateral groups a factor contributing to adhesion due to the 
increase of number of the “anchor” points. However, it should be noted 
that the increase in adhesion cannot only be a consequence of the quantita- 
tive increase of the mobility of molecular chains during the heating but also 
can be a result of qualitative changes in the mechanism of diffusion when 
kinetic unit taking part in diffusion becomes the molecular chain as a whole 
but not its separate segments. 

Two conclusions may be drawn as to the effect of the structure of 
molecules on adhesion, which follow from the above and from the general- 
izations of the diffusion theory. 

First, the absence of lateral groups and regular structure of molecules in 
general tends to increase adhesion since in this case flexibility and mobility 
of the molecular chains increases. However, if the polymer consists of 
molecules of a regular structure and is capable of crystallizing, its adhesion 
becomes insignificant. As an example one can take amorphous polyisobu- 
tylene (under common conditions) and crystalline polyethylene. While 
the former has remarkably high adhesion, polyethylene a t  mom tempera- 
ture shows none. 

Secondly, three-dimensional (crosslinked) polymers are not capable of 
adhering. This is clear because the crosslinks connecting the main chains 
make their diffusion into the adherend impossible. This conclusion is con- 
frmed by the complete absence of adhesive ability found in rubber after 
vulcanization. 

The Effect of the Phase State of Polymers 

Proceeding from the abovedeveloped approach to the nature of ad- 
hesion it is easy to see that at  the contact of two polymers the value of 
adhesion should primarily depend upon the phase state of polymers. In 
fact, a t  glassy state of both polymers when mobility of segments is absent, 
no diffusion can exist and consequently the adhesion is brought to nought. 
In the region of rubberlike state the middle segments and macromolecule 
ends take part in thermal motion. Insofar as the molecule ends muse 
easier than middle segments due to steric reasons if is obvious that in this 
case considerable adhesion will be observed only for polymers with suf- 
ficiently low molecular weight or for polydisperse polymers containing a 
sufficient amount of low molecular fractions. Finally in a flow state 
whole macromolecules take part in the diffusion. This eventually resulta 
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in the abrupt increase in the values of adhesion. The correctness of such 
an approach was shown with the welding of organic glass at various tem- 
peratures as an example.*' Of course at the contact of two different poly- 
mers tKe situation is getting complicated by the fact that temperature re- 
gions of different phase states for both polymers brought into contact do not 
usually coincide. 

Conclusions 
When comparing the above-said concerning the influence of the duration 

and temperature of contact as well as the influence of the properties of 
polymers on the adhesion, there is no avoiding the eye-catching fact that 
in the caw of mutually soluble polymers the factors increasing adhesion 
are always those promoting diffusion. It serves as a significant reason in 
favor of the fact that the formation of transition layer at the expense 
of the penetration of the adhesion into tthe adherend, or if the phase state of 
adherend allows, at the expense of mutual penetration of both polymers, 
lies at the basis of the adhesion of compatible polymers. 

To s u m  up the role of the dif€usion phenomena during the adhesion of 
polymers it should be noted that this viewpoint explains the effects o h  
served in the technology of bonding: the use of solvent common for ad- 
hesive and adherend, the rejuvenation of the surfaces with solvent before 
bonding, the use of tackifiers for the promotion of adhesion, the use of graft 
polymers based on two polymers different in polarity for the improvement 
of their bonding, etc. A detailed explanation of these methods may be 
found in a series of recently published technical papers:' and also in a 
monograph. 4 
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S ~ O p S i s  
In the present paper different views concerning polymer-to-polymer adhesion were 

considered and the theory suggested whereby adhesion of high polymers aa well aa auto- 
hesion is reduced to diffusion of chain molecules or their segments and to the formation of 
a sturdy bond between the adhesive and the adherend aa a result. From the viewpoint 
of the suggested theory the influence of such factors aa the duration of contact between 
the adhesive and the adherend, contact temperature, molecular weight of the adhesive, 
shape and polarity of macromolecules, and phase state of polymers waa considered and 
explained. 

R&UlU6 
Dan8 cette publication on considbre lee d86rentea 6tudes concernant l’adh6sion d’un 

polymbre A un autre polymbre. On propose un th6orie suivant laquelle aueei bein l’ad- 
hhion de hauta polymbres que leur manque d’adhhion se rambnent B la diffusion des 
chafnes mol6culaires ou de leurs segmenta avec comme r&ultat la formation d’un lien 
solide entre 1’616ment adh6d et l’adhbrent. En consid6rant la th6orie propode on ex- 
plique l’influence de facteurs tels que le temps de contact entre l’adhhif et l’adh6rent 
la temp6rature de contact, le poi& mol6culaire de l’adhbsif, la forme et la polarit4 des 
macrmol6cules et la phase polymbrique. 

Zusammenfaswng 

In der vorliegenden Arbeit wurden verschiedene Ansichten uber die Adhiision von Poly- 
meren an Polymeren erortert und es wurde eine Theorie vorgeschlagen, nach der die 
Adhiision von Hochpolymeren wie auch ihre Anthohesion auf die Diffusion von Ketten- 
molekulen cder deren Segmenten und auf die sich daraus ergebende Bad-g einer stsrken 
Bindung awischen den adhiirierenden Stoffen zuriickgefuhrt wird. Vom Standpunkt der 
vorgeschlagenen Theorie aus wird der Einfluea folgender Faktoren behandelt und geklart: 
KontakMauer zwischen adhiirierendern Stoffen, Kontakttemperatur, Molekularge- 
wicht des Adhiisions mittels, Gestalt und Polaritat der Makromolekule und Phasenaus- 
tand der Polymeren. 
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