
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 23 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymeric Materials
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713647664

Strength of Elastomeric Adhesive Films in the Triaxial Stress State
S. E. Sosina; A. I. Elkina; G. V. Vinogradovb

a Moscow Civil Engineering Institute, Moscow, USSR b Institute of Petrochemical Synthesis of the
USSR Academy of Sciences, Moscow, USSR

To cite this Article Sosin, S. E. , Elkin, A. I. and Vinogradov, G. V.(1980) 'Strength of Elastomeric Adhesive Films in the
Triaxial Stress State', International Journal of Polymeric Materials, 8: 2, 135 — 152
To link to this Article: DOI: 10.1080/00914038008077941
URL: http://dx.doi.org/10.1080/00914038008077941

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713647664
http://dx.doi.org/10.1080/00914038008077941
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Intern. J .  Polymeric Mater., 1980, Vol. 8, pp. 135-152 

0 1980 Gordon and Breach Science Publishers, Inc. 
Printed in Great Britain 

009 1-4037/80/0802-0135 $06.50/0 

Strength of 
Films in the 

Elastomeric Adhesive 
Triaxial Stress Statet 

S. E. SOSIN, A. I .  ELKIN 

Moscow Civil Engineering Institute. Moscow 1131 74. USSR 

and G. V. VINOGRADOV 

Institute of Petrochemical Synthesis of the USSR Academy of Sciences, Moscow 
117912, USSR 

(Received February 28,1979) 

In model experiments, the triaxial stress state is realized in thin polymer films placed between 
two solid surfaces and subjected to extension under the action of a force oriented perpendicular 
to the interface. In this case, the ultimate (fracture) stresses in adhesive joints of uncured flexible- 
chain polymers of narrow and wide molecular-mass distributions with solids of various nature 
have been studied as a function of the rate of loading. The results are in good agreement with the 
data obtained by investigating the durability of the same materials under the conditions of the 
triaxial stress state. In the region of cohesive fracture the strength of adhesives of narrow MMD 
is substantially dependent on molecular mass and temperature. In adhesive tear-olT, the strength 
is noticeably affected by the nature of the support, but it is not practically influenced by the 
molecular mass of the adhesive. The results of the investigation of the strength properties of thin 
polymer films in the triaxial stress state have been compared with the data obtained for the 
same polymers subjected to uniaxial extension and shear flow. 

I NTRO D U CTlO N 

The study of the behaviour of polymers under the conditions of the triaxial 
stress state is one of the most important and interesting trends in the in- 
vestigation of viscoelastic materials. The majority of investigations of the 
strength of polymers are, however, conducted under the conditions of uni- 
axial extension or shear. In this connection, the following questions arise : 
Could the data obtained under the simplest conditions be unambiguously 

?Presented at the 10th All-Union Symposium on Polymer Rheology held June 20-24, 1978, 
in Perm (USSR). 
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extended to the case of a complex stress state? Are there simple relationships 
between the strength of a viscoelastic material and the type of the stress state 
developing in it? 

New possibilities in the search for answers to these questions are offered 
by uncured linear flexible-chain polymers of narrow molecular-mass distri- 
bution (MMD), whose behaviour under the conditions of uniaxial extension 
and shear have been thoroughly studied.’-’ 

The triaxial stress state in model experiments6S7 is realized in thin polymer 
films placed between two solid surfaces and subjected to extension with the 
operating force directed perpendicular to the interface. In this case, according 
to literature data,8 a state is developed in the film, which is similar to hydro- 
static extension. 

Our earlier work’ was concerned with study of the durability of thin films 
of uncured polybutadienes of narrow MMD as adhesives in contact with 
various solids. The results of the investigation have shown that under the 
conditions of the triaxial stress state the durability of elastomers is 1.0-1.5 
decimal orders higher and the fracture stresses are about 3 times greater than 
those obtained in the case of uniaxial extension. The last result correlates 
with the literature data’ obtained by studying the behaviour of polyurethane 
under the conditions of triaxial extension. 

The present work is devoted to the study of the ultimate (fracture) charac- 
teristics of adhesive joints formed by uncured polybutadienes (PB) and poly- 
isoprenes (PI) of narrow MMD and various solids. 

EXPERIMENTAL 

The adhesives used in this work are uncured polybutadienes (PB) and poly- 
isoprenes (PI) of narrow MMD ( M , / M ,  < 1.1). The molecular masses of 
the materials used are as follows: 8 x lo4, 4 x lo5, 6.4 x lo5, 7.9 x lo5 for 
polybutadienes and 1.6 x lo’, 3.75 x lo’, 5.75 x lo5, 1.8 x lo6 for polyiso- 
prenes. Polymers of narrow MMD were synthesized by anionic polymeriza- 
tion, using butyllithium as the catalyst. They contain about 45 ”/, of 1,Ccis 
and 1,Ctrans groups and about 10% of 1,2 groups. Polymers of wide MMD 
were also used. Polybutadienes of wide MMD were prepared by mixing 
equal weight parts of PB of narrow MMD having various molecular masses. 
For this sample, calculations gave the value of M ,  = 2.2 x lo5 and M , / M ,  = 
2.1. Polyisoprene of wide MMD is a commercial polymer with M,. = 4.25 x 
10’ and M J M ,  = 2.2. ’ 

We investigated adhesive joints made up of these materials and steel, 
copper, platinum, quartz, PMMA, glass, and PTFE with loading rates rang- 
ing from about 10- ’ to 2 x lo3 N/sec. 
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STRENGTH OF ADHESIVE FILMS 137 

The fracture stresses at constant rates of loading were investigated by 
using an adhesiometer which is schematically shown in Figure 1. 

Films of the polymeric adhesive A of circular shape with an outer diameter 
of 9 mm, an inner diameter of 3 mm and a thickness of 80-100 pm were 
applied to the butt-end of a steel cylinder B according to the procedure 
described in the literature.' The cylinder B can move reciprocatingly with a 
low friction in the duct C of the guiding block D. The support E was placed 
on a thermal unit F, through which a thermostatted liquid was passed. The 
specified temperature was maintained by means of thermostats. The accuracy 
of temperature control was f0.5"C. The temperature was controlled by 
means of thermocouples. 

The investigations were conducted as follows. The contact between the 
polymer and the solid surface was formed under a pressure p o  during time to 
at a temperature To. The following test conditions were used : po = 0.5 MPa, 
to = 30 min, To = 60°C for PB, and po = 0.6 MPa, to = 45 min, and To = 
70°C for PI. 

After the contact was formed the load was increased up to  fracture. This 
was provided by the translational motion of the cylinder B in the duct C. 
The translational movement of the cylinder with a specified velocity was 
provided by means of a micrometer screw H, which is brought to rotational 
motion through a magnetic coupling I by an electric motor J with a reducer 
K. Set up between the nut of the micrometer screw L and the cylinder B is an 
elastic dynamometer M with tensometric wire pickups, the signal from which 
is automatically recorded by an electronic potentiometer or photographed 
from the screen of an electronic oscillograph. The potentiometer is pre- 
liminarily calibrated in strength units. The measurement errors were 3-5 % 

FIGURE 1 Schematic diagram of an adhesiometer. 
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in the investigation of polymers of narrow M M D  and 15-20 % for polymers 
of wide M M D  at a 0.95 confidence interval. 

The mode of fracture of the joints was determined with the aid of optical 
and scanning electron microscopes and also visually. 

RESULTS 

Figures 2 and 3 are plots of the fracture stresses oB versus the rate of loading 
P for PB of narrow M M D  and four molecular masses and for P I  of narrow 
M M D  and four molecular masses with steel (the Swedish precision block). 

The relationships between oB and P in the given range of loading rates are 
curves consisting of two branches. Portions can be distinguished on the 
curves, which correspond to the various types of fracture of the joints. At 
relatively low rates of loading (from 0.13 to about 3 N/sec) there is observed 
a cohesive fracture and then a cohesive-adhesive fracture sets in with the 
cohesive fracture predominating. This is represented by the left ascending 
branch of the curve of oB vs. P. 

In the case of cohesive fracture and the predominantly cohesive fracture, 
the strength of the material is significantly influenced by the molecular mass 
of the elastomer and the fracture stresses increase with increasing M ,  . This 
correlates with the data obtained for the same materials on uniaxial exten- 
sion,’-’ and by the investigation of the durability of thin films of uncured PB 
of narrow M M D  under the conditions of the triaxial stress state.’ 

As the rate of loading increases the fraction of cohesion in the cohesive- 

2.01 

0 -1 
-! 0 I 2 3 4 

eOg P [N/ ,J  

FIGURE 2 
and four MM in contact with steel : = M, = 7.9 x lo5 ; 

Fracture stress ug versus the rate of loading P. Polybutadienes of narrow M M D  
= Mu = 6.4 x lo5 ; A = M,, = 4 

x los; v = M, = g X  105. 
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FIGURE 3 
following four molecular masses, in contact with steel: = M u  = 1.8 x lo5 ; 

The relationship between og and P.  Polyisoprenes of narrow MMD, having the 
= M ,  = 5.75 

x 105 ; A = M ,  = 3.75 x 105 ; v = M ,  = 1.6 x 105. 

adhesive fracture decreases and at a loading rate of about 400 N/sec there 
takes place the changeover to the adhesive tear-off. This is represented by 
the descending branch of the curve of oB vs. P. As seen from Figures 2 and 3, 
in the adhesive tear-off the molecular mass has practically no effect on the 
strength, just as we observed during the investigation of the durability of 
adhesive joints of uncured PB of narrow MMD and PTFEe9 

The relationships between oB and P for PB with M u  = 8 x lo4 and for PI 
with M ,  = 1.6 x lo5 are specific (Figures 2 and 3, curves D). Here the fracture 
is practically cohesive over the entire range of loading rates, except for the 
values of P 2 400 N/sec when the changeover to the cohesive-adhesive 
fracture was observed. Special emphasis will be placed on this fact below. 

The effect of the nature of the support on the strength properties of adhesive 
joints has been studied for PB of narrow MMD with M ,  = 7.9 x lo5 in 
contact with copper, platinum, steel, glass, quartz and PTFE. The correspond- 
ing data are presented in Figure 4. The form of the curves is the same as 
before. In the cohesive fracture, the nature of the support has an insignificant 
effect on the fracture stresses. It begins to play an appreciable part only when 
the predominantly adhesive fracture and adhesive tear-off occurs (the right 
branches of the curves of oB vs. P). Similar data on the effect of the nature of 
the support on the strength of adhesive joints of elastomers with solids have 
been obtained by other authors as well." 

A special case is the relationship between oB and P for joints of PB with 
PTFE (Figure 4, curve F). Here was observed an adhesive tear-off over the 
entire range of loading rates and a monotonous decrease of fracture stresses 
with increasing rate of loading. 
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20 
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FIGURE 4 
x lo5) in contact with various supports: 
A = quarti, x = PTFE. 

The relationship between og and P. Polybutadienes of narrow M M D  ( M , ,  = 7.9 
= steel; = glass; = copper; V = platinum; 

We have also studied the relationships between fracture stresses and the 
rate of loading for joints of PB and PI of wide M M D  with steel. The corres- 
ponding data are given in Figure 5. Here the curves A and B show the re- 
lationships between oB and P for PB and PI, respectively. In the entire range 
of loading rates there was observed the cohesive mechanism of fracture, and 
the fracture stresses remained constant within the experimental accuracy. 
For comparison, the dashed line in Figure 5 shows the relationship between 
(T* and P for PB of narrow M M D  ( M ,  = 7.9 x lo5) in contact with steel. 

DISCUSSION 

As follows from the experimental data, in a general case the dependences of 
fracture stresses on the rate of loading for adhesives of narrow M M D  consists 
of two branches-as the rates of loading increase the fracture stresses first 
increase and then decrease. Portions can be distinguished on the curves, which 
correspond to the various mechanisms of rupture of adhesive joints. At low 
loading rates there was observed a cohesive fracture. Then the fracture be- 
comes cohesive-adhesive, and at  high loading rates it becomes adhesive. 

Cohesive and cohesive-adhesive fracture 

The analysis of the results for the cohesive and the predominantly cohesive 
fracture shows that the character of the relationships between oE and P for 
thin films of uncured PB and PI of narrow M M D  is qualitatively similar to 
the earlier obtained relationships between true stresses o* and the rate of 
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STRENGTH OF ADHESIVE FILMS 141 

-1  0 I 2 3 4 

e0g P l W d  
FIGURE 5 The relationships between L T ~  and P .  Polymera of wide M M D  in contact with 
steel: A = PB ; B = PI. The dashed line represents the dependence of oB on P for PB of narrow 
M M D  ( M , ,  = 7.9 x lo5) in contact with steel. 

deformation 8 for the same materials under the conditions of uniaxial exten- 
~ i o n . ' - ~  This is illustrated by the data given in Figure 6. This figure shows the 
dependences of true stresses o*, the total deformation E and its recoverable, 
E, ,  and irrecoverable, Ef, components on the rate of deformation h. The 
curves were obtained for PB ofnarrow M M D  with M u  = 2.9 x lo5 at various 
temperatures and were reduced to the temperature 25°C by shifting the curves 
along the abscissa axis. 

I t  has been established that the strength of the uncured elastomer increases 

-4 -3  -2 -1 0 1 &s& dT rse-3 

FIGURE 6 Master curves of true stress u* (A). total deformation I :  (B). recoverable deforma- 
tion E, (C), and irrecoverable deformation (D) on the rate of deformation i;. Uniaxial extension. 
PB of narrow M M D  ( M ,  = 2.9 x lo5). Uniaiial extension. PB of narrow M M D  ( M , ,  = 2.9 x lo5) 
at various temperatures (reduced to 25°C). V = -25°C; = 0°C; A = 25°C; W = 50°C; + = 75°C. 
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with increasing rate of deformation, but the increase of the strength is re- 
tarded in the region of high rates of deformation. The extension that takes 
place here leads either to the attainment of steady flow conditions (the un- 
filled signs on curve A), or to the fracture of the specimens (the filled signs on 
curve A) at certain critical stress values C T ~ ,  and rates of deformation B,, . The 
latter circumstance is an indication of the transition of the uncured polymer 
to the forced high-elastic state. In this case the value of critical stresses for 
PB and PI is equal to 0.1-0.5 MPA and is independent of molecular mass 
and temperature. At the same time, molecular mass and temperature have a 
strong effect on the critical rate of deformation. 

The curves of CT* vs. B obtained at various temperatures and with samples 
of various molecular masses can be made to converge by shifting along the 
abscissa axis. It has been shown that the relation between the rate ofdeforma- 
tion and molecular mass is expressed as follows : 

and the relation between the rate of deformation and temperature is given 
V (1) - ~ ( 3 . 4 - 3 . 6 )  

by 
(2) 8 , -U ikT  

where U is the activation energy of the fracture process, which is close to the 
activation energy of the viscous flow of the corresponding polymer. 

The strength properties of thin films of uncured polymers of narrow M M D  
depend on molecular mass in a similar manner. The relationships between 
C T ~  and f' for PB and PI of various molecular masses can also be reduced to a 
certain molecular mass by shifting the corresponding curves along the rate 
axis. The master curves of oB vs. P. aM for PB of three molecular masses and 
PI of three MM are presented in Figures 7 and 8, respectively. Here the shift 
factors for MM, aM, are satisfactorily described by expressions similar to  the 
WLF equation : 

where M o  is the molecular mass to which the reduction is made. The constants 
C1 and C2 are calculated by the method of least squares in accordance with 
the procedure proposed in the literature." Their values for PB are as follows : 
C1 = 4.08 and C2 = 21 x lo5 (at M o  = 6.4 x lo5) for PB; C1 = 1.09 and 
C2 = 22 x lo5 (at M o  = 1.8 x 10') for PI. 

Calculations show that the rate of deformation is related to  MM in the 
following way : 

f' - ~ : 3 . 0 - 3 . 3 )  (4) 
Special investigations carried out over the temperature range from 3 to 

40°C have allowed us to establish that the effect of the test temperature on 
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a;, 
M Pa 

l,O - 

143 

0 3  

FIGURE 7 Master curves of uB versus P. aM. Cohesive and predominantly cohesive fracture. 
PB of narrow M M D  having the following three molecular masses. The designations are the 
same as in Figure 2. M, = 6.4 x lo5. 

0 4  1 I 

-2 - 1  0 I 2 
eog f i  a, [IY/Src 1 

FIGURE 8 Master curves of uB versus P aM. Cohesive and predominantly cohesive fracture. 
PI of narrow M M D  with and three MM’s molecular masses. The designations are the same as 
in Figure 3. M, = 1.8 x lo6. 
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show that in both cases the fracture of uncured elastomers is relaxational in 
character, i.e., is not associated with the rupture of the macromolecules, 
which is characteristic of the glassy state and highly crystalline polymers. 

The state of stress has a noticeable effect on the strength properties of un- 
cured elastomers. A precise quantitative estimation of this phenomenon was 
obtained by measuring the rates of deformation corresponding to the rates of 
loading used in the present work. It has been shown that at minimum loading 
rates (-0.2-0.5 N/sec), rates of deformation of about to lo-* sec-' 
are attained, which is close to the critical rates of deformation for high MM. 
This has made it possible to establish that the limiting stresses in films being 
in the triaxial stressstateareabout 2.5 timesgreater than in uniaxjal extension. 
The result correlates well with our data' and with the data obtained by other 
authors.' 

Additional interesting possibilities for the analysis are provided by the 
dependences of the time to fracture for thin films, t*, on the limiting stress 
o E .  The pertinent data for PB of narrow MMD and three molecular masses 
are given in Figure 9. The treatment of these data by means of the method 
of least squares has shown that the relationship between the time to fracture 
t* and the limiting stress uE, temperature T and molecular mass M ,  can be 
satisfactorily approximated with the aid of the following expression : 

where B, rn and 01 are constants; U is the activation energy of the fracture 
process, which js close to the activation energy of the viscous flow of the 
corresponding polymer. The numerical values of the constants for PB are 
as follows: rn = 4.5-5.5; a = 3.0-3.3. 

f *  = B(oE)-meU/kTMa ( 5 )  

3 

- 0,s 0 
7 

a 5  

tog 5 ZMPa J 

FIGURE 9 
M M D  and three molecular masses: = M = 7 . 9 ~  lo5; A = M = 6 . 4 ~  lo5;  

The dependence of the time to fracture on the fracture stresses. PB of narrow 
= M = 4 

x 105. 
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STRENGTH OF ADHESIVE FILMS 145 

that the relationships between the durability 
and the applied stress, the temperature and MM on uniaxial extension and in 
the triaxial stress state are described by expressions analogous to expression 
(5). The activation energy in both cases is close to the activation energy of 
viscous flow: CI = 3.0-3.6; the value of m is 2-3 for uniaxial extension and 
4.0-4.4 for the triaxial stress state. 

Thus, the analysis has confirmed the conclusion made above, that the 
mechanism of the fracture of uncured polymers is independent of the type of 
the stress state. The principal part in resisting the fracture in all cases is played 
by the intermolecular forces, which is reflected in the constancy of the last 
two cofactors in expression (5) for the case of the stress state under considera- 
tion. 

In expression (5) the factor (oB)-"' (the exponent varies from 2 to 5.5) de- 
pends on the type of the state of stress. The outcome of this is that the dur- 
ability of the uncured polymer which is in the forced high-elastic state (i.e., 
at stresses greater than 0.1-0.5 MPa) is by 1.0-2.0 decimal orders and the 
fracture stresses by 2.5-3 times greater than in the case of uniaxial extension. 

The relationships given evidently point to a characteristic relation between 
the durability of the elastomer and the state of stress arising in the bulk of 
the material. 

It has been shown 

Adhesive fracture 

In the adhesive tear-off the relationships between oB and P over the given 
rates of loading are decreasing functions. Here the fracture stresses are prac- 
tically independent of MM (for sufficiently high MM), but the strength is 
considerably influenced by the nature of the support. 

To explain these results, use may be made of the conception advanced 
earlier' to account for the temperature dependences of the durability t* for 
adhesive joints of uncured PB of narrow MMD with solids. By studying the 
joints indicated it has been found that the relationship between t* and T - '  
is external in character, as shown in Figure 10. 

The concept is based on the following propositions. Suppose that for the 
adhesive fracture there is required a certain critical energy w*. Then the 
fracture process is started if the energy accumulated during the deformation 
of the elastomer attains the value of w*.  

According to the literature data," the total energy of deformation of the 
elastomer per unit volume is expressed as the following sum : 

w = u', + w,(t) + Wd (6) 
where w e  is the acwmulated elastic energy which is independent of time ; 
w,(t) is the time-dependent component of the accumulated energy ; and bid 

is the dissipated energy. 
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FIGURE 10 The temperature dependence of the durability t * .  Adhesive tear-off. PB of narrow 
M M D  ( M ,  = 6.4 x 10') in contact with PTFE. 

In accordance with the present-day conceptionsI2* l 3  the dissipation 
losses retard the progress of the fracture process, which leads to an increase 
of the durability. 

The components of the total energy are associated with the deformation 
characteristics of the elastomer. Thus, the accumulated energy is due to the 
recoverable component of total deformation and the dissipated energy is due 
to the irrecoverable component. The treatment of the results presented in 
Figure 6 has enabled us to obtain the temperature dependences of the de- 
formation characteristics of uncured polymers of narrow MMD. The rele- 
vant data are given in Figure 11. This figure shows the master curves of o*, 
E, E ,  and E / .  versus the inverse absolute temperature, obtained at various rates 
of deformation and reduced to t: = 0.01 sec-I. 

The analysis of these curves has shown the following. Just as in the tests 
carried out under the conditions oft: = constant, the durability ofan uncured 
polymer of narrow M M D  increases with decreasing temperature, but the 
growth of the strength is retarded in the region of low temperatures. The 
extension leads either to the steady flow conditions (the unfilled signs on 
curve A) or to the fracture of the specimens (the filled signs on curve A) at 
critical values of the stress a,*, and temperature T,; '. The latter circumstance 
is evidence of the transition of the polymer from the fluid to the forced high- 
elastic state. However, even after the transition indicated, there may develop 
considerable irrecoverable deformations in the polymer. The fluidity of the 
polymer is found to have been practically suppressed only in the far post- 
critical region of stresses and temperatures. In this connection, we may intro- 
duce the concept of the region of stresses and temperatures, in which there is 
observed the transition of the uncured polymer from the fluid to the well- 
established high-elastic state, when the irrecoverable deformation becomes 
negligibly small as compared with the recoverable deformation. 
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STRENGTH OF ADHESIVE FILMS 147 

FIGURE 1 1  Master curves showing the temperature dependence of true stresses 6* (A), total 
deformation E (B), recoverable deformation E,  (C), and irrecoverable deformation E, (D). Uni- 
axial extension. PB of narrow MMD (M,, = 2.9 x 10') at various rates of deformation (reduced 
to the deformation rate 0.01 sec- '). = 0.002; V = 0.005; A = 0.01 ; = 0.02; + = 0.05; * = 0.01; + = 0.2; x = 0.5; x = 1.0 sec- '. 

From Figure 11 it is seen that in the transition region the irrecoverable 
deformation decreases rapidly (curve D) and the recoverable deformation 
increases (curve C) with decreasing temperature, so that the total deformation 
passes through a minimum (curve B) similar to the minimum on the curve of 
t* vs. T-' (Figure 10). The transition region has limits with respect to 
stresses (0.1 to 1.0 MPa) and to temperatures, [(3.0 to 3.7) x K-'1 for 
PB with M ,  = 2.9 x lo5 at a deformation rate of 0.01 sec-'. In the left part 
of the transition region there predominate irrecoverable deformations. The 
dissipated energy is accordingly high. This leads to the retardation of energy 
accumulation up to the required critical value w* and to the increase of the 
time required for the process of adhesive fracture to begin. As the temperature 
decreases the irrecoverable deformation and, hence, wd,  fall of rapidly. The 
time for energy accumulation up to w* decreases correspondingly. In the 
right-hand part of the transition region the dissipation of the energy becomes 
low. The time of energy accumulation up to w* is but slightly dependent on 
temperature, and the major part is played by the temperature dependence of 
the energy w*, which increases with decreasing temperature. l4 Thus, the 
extremum observed on the curve oft* vs. T - '  is determined by the different 
character of the temperature dependences of the two processes-the energy 
accumulation up to the value leading to the beginning of the fracture of the 
polymer-solid contact and the fracture proper, in which the decisive role is 
played by the temperature dependence of the critical energy w*. 

The decrease of the fracture stresses with increasing rate of loading (or the 
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rate of deformation) in the case of adhesive tear-off can be explained in an 
analogous manner. For this purpose, we should determine the character of 
the rate dependences of the recoverable and irrecoverable deformations. 
They are presented in Figure 6 (curves C and D, respectively).? Here it is also 
possible to establish the existence of the region of transition of an uncured 
polymer from the fluid to the forced high-elastic state. Its boundaries with 
respect to rates of deformations are 0.03 and 1 sec- (for PB with M,. = 2.9 x 
lo5 at 25°C). In the transient region, the irrecoverable deformation decreases 
rapidly, and the recoverable deformation increases with increasing rate of 
deformation, so that the total deformation (curve B in Figure6) passes through 
a minimum. 

It has been shown above that in our experiments at  a minimum rate of 
loading there was attained a deformation rate of the order of 
sec- l .  This means that the investigations of the fracture stresses were mainly 
carried out within the limits of the transition region. In this connection, the 
processes of energy accumulation and dissipation must have a substantial 
effect on the strength properties of adhesive joints. 

Indeed, on the left of the transition region the energy dissipation is great 
and considerable loads must be applied for the deformation of the polymer 
film to attain the required value, at which the accumulated energy will become 
close to the critical value w*. As the rate ofloading (or the rate of deformation) 
increases the energy dissipation falls off (in accordance with the course of the 
curve of E ,  vs. i, the curve D in Figure 6). This leads to the decrease of the load 
required for the corresponding amount of deformation to be attained. 

In the given range of the rates of loading the complete transition of the 
polymeric adhesive to the well-developed high-elastic state could not how- 
ever be effected, and therefore the curve of cB vs. P contains only a descending 
branch for adhesive tear-off. 

The effect of the nature of the support on the strength in the case of ad- 
hesive tear-off is due to the fact that the critical energy w* depends on this 
factor. 

Finally, the absence of the effect of the molecular mass of the adhesive on 
its strength can be accounted for in the following way. On the one hand, the 
strength of the contact (and, hence, the energy w*), other conditions being 
identical (the nature of the support, temperature, etc.), depends primarily on 
the number of molecular contacts between the adhesive and the support. 
This quantity is determined by the mobility of the polymer chain, i.e., its 
ability to come into contact with the solid surface to distances sufficient for a 
strong joint to  be formed. The mobility of the macromolecule of an uncured 
polymer is in its turn determined by the chain length between the adjacent 

to 

tThc comparison of Figure 1 I with Figure 6 illustrates spectacularly the validity of the well- 
known principle of the temperature-rate equivalence for the case of fracture processes. 
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STRENGTH OF ADHESIVE FILMS 149 

nodes of the physical (fluctuating) entanglement network. This entanglement 
network has been shown’5’ l 6  to be independent of the molecular mass of 
of the polymer. 

On the other hand, the ratio of the recoverable to the irrecoverable de- 
formation of a polymer of narrow MMD under the conditions of its transi- 
tion to the high-elastic state at a given stress does not depend on molecular 
mass. Summing up what has been said above, it may be stated that the course 
of the two processes-the energy accumulation and the fracture-is in- 
dependent of MM (for sufficiently high MM). 

Let us now compare the results of the investigation of adhesive joints of 
thin films of uncured polymers of narrow MMD with solids and the flow of 
these materials through capillaries. 

It has been found3*” that the dependence of the durability of an adhesive 
joint of a polymer of narrow MMD with a solid on the stress in double 
logarithmic coordinates contains three portions which differ in the slope to 
the abscissa axis (Figure 12). These portions correspond to  the various types 
of fracture of the joints. On the portion A there is observed a cohesive frac- 
ture, and on the portions B and C the cohesive-adhesive fracture and adhesive 
tear-off take place. 

As has been established3.” in the case of the cohesive fracture the depen- 
dence of the durability on the stress, temperature, and the molecular mass of 
the adhesiveisexpressed by an equation ofthe type(5). In  the case ofcohesive- 
adhesive fracture the durability increases with decreasing MM and depends 
on temperature in a complicated way. On adhesive tear-off the durability is 
independent of MM. 

I A 

~ 

&g r+ 
FIGURE 12 Schematic representation of the dependence of the durability t* on stress o*. 
Adhesive joints of polymers of narrow M M D  with solid surfaces. A = cohesive fracture: 
B = cohesive-adhesive fracture; C = adhesive tear-oli. 
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The investigations of the flow of uncured PB and PI of narrow MMD4sS 
have shown that two flow regimes are realized : the steady and non-steady 
flow conditions. In the latter case, two effects are observed. The first is the 
appearance on the extrudate surface of periodic distortions, which are in- 
creased as the pressure increases, so that the extrudate surface becomes screw- 
like. The second effect reveals itself at a certain critical value of the pressure 
drop (or shear stress), when a slight increase in the pressure (stress) leads to a 
sharp increase of the flow rate of the polymer. This phenomenon, which is 
the extreme form of nonsteady flow, is known as the spurt. 

In this connection, the flow curves, i.e., the curves of the flow rate of the 
polymer 4Q/nR3 versus the shear stress 5, consists of three portions in  a 
general case, which correspond to various flow conditions. Figure 13 presents 
a flow curve, but for the convenience of the subsequent comparison, it  is 
plotted in the coordinates of the inverse flow rate (4Q/nR3)- I versus the 
shear stress 5,. Here the inverse flow rate has the dimensions of time and may 
be regarded as a certain generalized strength characteristic reflecting the 
resistance of the material to flow or to tear-off from the wall. 

On the curve of (4Q/nR3)- versus t, there can be distinguished three 
portions corresponding to various flow conditions. The portion A corres- 
ponds to the steady flow of the polymer; the portion B corresponds to the 
nonsteady flow conditions, when the distortion of the extrudate surface is 
observed, and the portion C corresponds to the spurt. 

Calculations have shown that the dependence of the inverse flow rate on 
the shear stress, temperature, and the molecular mass of the elastomer are 

FIGURE 13 Schematic representation of the dependence of the inverse flow rate (4Q/nR3)-' 
on the shear stress 5,. The flow of polymers of narrow MMD through capillaries. A = true flow 
conditions; B = non-steady flow conditions accompanied by the appearance of distortions on 
the extrudate surface; C = flow spurt. 
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STRENGTH OF ADHESIVE FILMS 151 

expressed by the following equation 

where C, m and CI are constants; U is the activation energy of flow; the 
numerical values of the constants for PB are: m = 0.7 to 1.0; c( = 3.2 to 3.5. 

The formal similarity between the relation (7) and the equation for the 
cohesive strength of uncured polymers ( 5 )  attracts attention. This allows us to 
interpret the flow as a form of the cohesive fracture of the polymer under 
shear conditions. The similarity between relations ( 5 )  and (7) reflects the fact 
that on cohesive fracture of uncured polymers and during their flow the 
resistance to fracture is mainly exerted by the intermolecular bonds. The main 
difference between the fracture and flow of polymers is that the flow does not 
involve macrofractures of the material due to the re-formation of inter- 
molecular bonds ; such macrofractures take place in cohesive fracture. 
However, on the level of microlinkages there is evidently no fundamental 
difference between the flow and fracture of uncured polymers. 

If the latter supposition is valid, at least for uncured polymers of narrow 
M M D  the dependence of the durability on stress, temperature and molecular 
mass in any state of stress is expressed in a general form by an equation of the 
type (5 ) ,  and the effect of the stress state on the durability manifests itself in 
the change of the first factor in the equation, which expresses the power 
character of the relationship between the durability and the applied stress. 
The value of the exponent increases successively upon transition from a 
simple to a more complex stress state. 

We shall now continue the comparison of flow curves with curves showing 
the dependence of the durability on the stress and examine the portions C 
on these curves (Figures 12 and 13). Here, too, a number of similar effects are 
observed. The durability of the joints on adhesive tear-off decreases very 
rapidly with increasing stress, just as the value of the inverse flow rate 
decreases in a jumpwise manner when a spurt takes place during the flow. 
It has been repeatedly pointed out above that the strength characteristics in 
the case of adhesive tear-off are independent of the molecular mass. An 
analogous picture is observed during the spurt. 

What has been said above allows us to suppose that the spurt is caused by 
the transition from the flow (i.e., from the rupture of intermolecular bonds in 
the bulk of the material) to the tear-off of the uncured polymer from the 
capillary walls. This occurs as the result of the transition of the uncured 
polymer from the fluid to the forced high-elastic state. Here the durability of 
the polymer is greater than the strength of its contact with capillary walls. A 
number of experimental facts detected during the spurt (the electrization of 
the extrudate, the absence of its swelling, in which case the diameter of the 
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stream may be even smaller than the capillary diameter) show that the tear- 
off of the extrudate from the walls does take place. 

When the molecular mass decreases considerably, the sharpness of the spurt 
process is gradually degenerated; i t  is observed over a certain range of in- 
creasing pressure, just as in the case of the changeover from a narrow to a 
wider MMD. This is in good agreement with the facts considered in the 
present work, which shows that when MM decreases to M,.  = 8 x lo5 for 
PB and to M , ,  = 1 . 6 ~  lo5 for PI the transition from the cohesive to  the 
cohesive-adhesive fracture is smoothed out (see Figures 2 and 3, curves D). 

CONCLUSION 

The investigation of the process of fracture of adhesive joints of uncured 
elastomers of narrow and wide MMD with solids under the conditions of the 
triaxial stress state and the comparison of the data obtained with the known 
experimental facts for uniaxial extension and simple shear show that the 
changeover from simple shear and uniaxial extension to  the triaxial stress 
state leads to an increase of the strength and durability of the joint. We have 
arrived at the conclusion that the strength is determined by the accumulation 
of elastic energy, while the durability depends on dissipation losses. 

References 

I .  G.  V.  Vinogradov, Rheol. Actu, 14,942 (1975). 
2. G. V. Vinogradov, Polymer, 18, 1275 (1977). 
3. G. V. Vinogradov, A. Ya. Malkin, V. V. Volosevitch, V.  P. Shatalov and V. P. Yudin, 

4. G. V. Vinogradov, Pure and Appl. Chem., 26,423 (1971). 
5. G .  V. Vinogradov, Rheol. Acta, 19,357 (1973). 
6. F. L. Yerzley, lnd. Eng. Chem., 31,950 (1939). 
7. A. N .  Gent and P. B. Lindley, Proc. Roy. Soc., A249, 195 (1958). 
8. G. M. Lindsey, J. Appl. Phys., 38, 4843 (1967). 
9 .  G ,  V. Vinogradov, A. I .  Elkin and S. E. Sosin, Polymer, 19, 1458 (1978). 

J .  Polym. Sci. (Polym. Phys. Edn), 13, 172(1975). 

10. W. M .  Bright, in: Adhesion and Adhesives. Funhmentals and Pruciice, N . Y . ,  130, 1954. 
1 I .  V .  Rayatskas and V. P. Pekarskas, J. Appl. Polym. Sci., 20, 1441 (1976). 
12. F. R .  EirichandT.Smith,in: Fructure(ed. by H.Liebowitz),vol.7,part 2.p.405,Academic 

13. M .  L. Williams, A.I.A.A. J., 2, 785 (1964). 
14. A. N .  Gent and A. J .  Kinlock, J .  Polym. Sci.,  A2.9.659 (1971). 
15. A. Y .  Malkin, E. A. Dzyura and G .  V. Vinogradov, Doklady Akud. Nuuk SSSR, 188, 1328 

16. R.  S .  Porter and J. F. Johnson, Rheol. Acra, 7,332 (1968). 

Press, N.Y., 1972. 

(1969). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1


