
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 22 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

The Journal of Adhesion
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713453635

Interfacial Friction in Filled Polymers Initiated by Adhesive Debonding. III.
Physical Modelling
V. V. Mosheva; V. N. Kovrova

a Institute of Continuous Media Mechanics, Russian Academy of Sciences, Perm, Russia

To cite this Article Moshev, V. V. and Kovrov, V. N.(1998) 'Interfacial Friction in Filled Polymers Initiated by Adhesive
Debonding. III. Physical Modelling', The Journal of Adhesion, 65: 1, 91 — 103
To link to this Article: DOI: 10.1080/00218469808012240
URL: http://dx.doi.org/10.1080/00218469808012240

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=t713453635
http://dx.doi.org/10.1080/00218469808012240
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J .  Adhaion, 1998, Vol. 65. pp.91-103 
Reprints available directly from the publisher 
Photocopying permitted by license only 

.I' 1998 OPA (Ovcrscaa Publishers Assoaacion) 
Amsterdam B.V Published under license 

under the Gordon and Breach Science 
Publishers imprint. 

Printed in India 

Interfacial Friction in Filled 
Polymers Initiated by Adhesive 
Debonding. 1 1 1 .  Physical Modelling 
V. V. MOSHEV and V. N. KOVROV 

Institute of Continuous Media Mechanics, Russian Academy 
of Sciences, Perm: 614061, Russia 

(Received 19 April 1996; In final form 6 March 1997) 

Interfacial friction as a dissipative mechanism in particulate composites is investigated 
by means of two modelling devices. The specific friction as a function of the clamping 
pressure and loading rate for a rubber-steel piston pair has been investigated and a 
corresponding empirical relationship has been derived therefrom. The resulting relation- 
ships show promise for simulating frictional manifestations in the framework of debon- 
ded particle-reinforced polymer matrix composites. 

Keywords: Physical modelling of interfacial friction; time-dependent friction; frictional 
stress relaxation; rubber; hysteresis; damaged particulate-filled polymer composite 

1 - INTRODUCTION 

Recently, some experimental data have been reported characterizing 
the dissipative peculiarities observed in damaged particulate compos- 
ites [l, 21. It was demonstrated that the adhesive debonding gives rise 
to a specific dissipation mechanisms of the Coulomb friction type 
between contacting debonded interfaces. To make this frictional effect 
more pronounced, care was taken to exclude the proper visco-elasti- 
city of the matrix phase. To do this, a highly-plasticized rubbery 
material with no discernible intrinsic dissipation was used [l]. 

Interface friction in the form of pronounced hysteresis loops 
initiated by adhesive debonding was observed, the hysteresis loops 
being strongly broadened under moderate superimposed pressures [ 11. 
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92 V. V. MOSHEV AND V. N. KOVROV 

Moreover, the existence of the stress relaxation mechanism originated 
exclusively by the interfacial friction was demonstrated experimentally 
in [2], where the debonded composites based on a non-dissipative 
matrix were tested. The rate of stress relaxation, as well, has manifes- 
ted itself as a pressure-sensitive process. 

The interfacial friction dissipation in particulate composites as such 
needs further clarification directed to obtaining a quantitative descrip- 
tion of this phenomenon. Most likely, this could be achieved through 
the creation of physical models capturing its essential features on a 
macroscale level. According to this paradigm, several modelling devi- 
ces have been designed and tested. This paper describes the outcomes 
of this work. 

2. THEORETICAL BACKGROUND 

Generalities concerning the dependence of the frictional force of rub- 
ber on pressure and rate of sliding are knownC3-51: frictional resis- 
tance increases with pressure and rate of sliding. However, it manifests 
itself in a variety of specific conditions. Some of them represent a fixed 
rubber surface sliding along a solid surface as, for example, in Refer- 
ence [3]. Others, on the contrary, are situations where a solid body 
slides along the rubber surface, being partly indented into a soft 
rubbery phase (the so-called Schallamach waves [4]). The friction phe- 
nomenon under consideration in the present work is essentially differ- 
ent from the situations indicated above. It represents a discontinuous 
process, closed on a microscale level around scattered filler particles 
embedded in a continuous matrix. Friction appears only after micro- 
damage has occurred in the form of interfacial debonding between the 
filler particles and the matrix as shown in Figure 1. The cell is as- 
sumed to have the form of an elastic cylinder (matrix) with a rigid 
spherical inclusion (filler particle) placed at its center. The suitability 
of this choice is justified elsewhere[5]. During extension of the 
cell, the debonded matrix slips along the inclusion at  the equatorial 
zone, where the interface contact is retained continuously. This con- 
tact zone is the source of the friction. The rate of matrix slip along the 
filler surface cannot be uniform due to the geometrical and loading 
symmetry of the cell: it is zero at the equator and increases up to the 
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INTERFACIAL FRICTION IN FILLED POLYMERS 93 

separation line, where the matrix detaches from the inclusion. Figure 1 
suggests, as well, that contact pressure along the sliding zone might 
also vary from some maximum value at the equator to zero at the line 
of separation. 

We could not find appropriate data in the available literature for 
carrying out relevant calculations. The need for special-purpose ex- 
perimentation was keenly felt. 

Obviously, the complicated pattern of the actual frictional process 
cannot be accurately reproduced in an experimental facility capable of 
controlling the actual displacement and pressure distributions along 
the friction zone. Thus, simplified devices were constructed to provide 
insight into this phenomenon. This paper presents the results of such 
an experimental research. 

3. EXPERIMENTAL DETAILS AND RESULTS 

Two facilities have been designed and tested. The scheme of the first 
one, reflecting some important features of the friction phenomena, is 
shown in Figure 2. It represents a commercial rubber tube (1) placed 
over a steel piston (2), the left end of the tube being fixed to the piston 
while the right end is free to slide over the piston’s surface. The free 
end is fixed on a hub ( 3 )  that is free to move along the piston. The left 
end of the piston and the right end of the hub are fixed in the clamps 
of a standard testing machine. 

Pressure diagram 

I 
Debonded structural Unit Rate of slip diagram 

A - cut 

FIGLJRE 1 Scheme of the interface slipping inside the slructural element 
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94 V. V. MOSHEV AND V. N. KOVROV 

Initial state 

F-- 

4 

-F 

Under extension 

FIGURE 2 Sketch of the device for modelling structural rubber friction 

The experimental procedure consisted in extension of this assembly 
while recording both load and displacement. The tube has been 
labeled to follow the longitudinal strain distributions along the length 
of the tube. A void appears between the ends of the hub and piston 
simulating vacuole formation in particulate composites. Evidently the 
resistance of the device to extension results from both the stiffness of 
the rubber tube and the frictional drag between the rubber tube and 
the piston rod. The vacuum void originates during initial loading, 
while atmospheric pressure clamps the tube tightly against the piston, 
providing a normal force for the friction that is to be investigated. 

Figure 3a illustrates typical strain distributions along the piston 
with increasing displacement. Each strain state is recorded 10 minutes 
after the current stretch has been imposed to allow for relaxation. The 
presence of friction makes the longitudinal strain distribution strongly 
nonlinear. Moreover, a portion of the tube length remains undistur- 
bed during extension which marks the existence of static friction. 
Evidently, the unstretched length shortens with elongation. The strain 
along the piston varies from the starting point, a, to the pull-point, b, 
modelling somewhat the slipping pattern shown in Figure 1. 

The existence of static friction leads to the origination of residual 
strains when the applied load is released. Figure 3b depicts the strain 
distribution along the rubber tube after the force has dropped to zero 
during retraction. 
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Local 
strain, Yo 

Local (3) 
strain, Yo 
30 

20 

10 

0 

LInitial tube1ength-J 

FIGURE 3 
retraction. 

Local strain distribution along the rubber tube: (a) during sliding; (b) after 

It has been observed that, after rapid extensions to a given stretch, 
the strain distribution evolves over time (Fig. 4a). A redistribution of 
local strains immediately after the stretch has been fixed leads to their 
partial diminution in the most-strained region at the expense of a 
negligible increase in the weakly-strained regions. A corresponding 
drop in the overall extension effort accompanies this process (Fig. 4b). 

(b) Force. N.10" 

1s :lyd 10 

100 5 
, 

0 
0 5 10 15 0 50 100 

. \\ 
0 

samg length Time, s 

1 - Initial $taw 2 - Final state 

FIGURE 4 
typical stress relaxation accompanying this process (b). 

Local strain distribution and its change due to frictional slipping (a), and 
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96 V. V. MOSHEV AND V. N. KOVROV 

This observation indicates that time-dependent frictional shifts con- 
tribute to stress relaxation. Therefore, time-dependent friction cannot 
be ignored in structural modelling. 

Usually, the frictional relaxation comes about together with other 
dissipative mechanisms such as, for instance, the matrix viscoelasticity. 
Their relative contribution depends on the properties of the constitu- 
ent elements, the set-up geometry and the loading conditions. In our 
experiments, the proper dissipative ability of the tube might be 
reckoned as negligible. This can be seen from Figure 5. In  the first 
experiment, the tube was extended at the rate of 20mm/min to a 
stretch of 30mm in the free state and then held to record the relax- 
ation drop (curve 1). The second experiment was performed in the 
same manner, but with the tube put on the piston (curve2), It is 
clearly seen that the relaxation drop with frictional participation is 
much greater than that characteristic of a free tube. So, in this 
example, the role of friction in the stress relaxation is considerable. 

Evidently, the facility described above, while providing important 
qualitative results, is unsuitable for obtaining the quantitative rela- 
tionships needed for numerical simulation. To attain the latter aim, 

FIGURE 5 
less case; (2) in the presence of friction. 

Comparison of the relaxation curves for dragged and free tubes: (1) friction- 
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INTERFACIAL FRICTION IN FILLED POLYMERS 97 

another device has been developed and utilized. Its schematic diagram 
is shown in Figure 6. The main working parts are a thick-walled 
rubber hub, 1, fitted freely on a steel shaft, 2. This hub is fixed within a 
steel chamber, 3,  designed for applying elevated pressure. It is covered 
by an antibuckling protective perforated shell, 4. The frictional resis- 
tance is obtained by drawing the shaft through the rubber hub under 
various pressures and rates of sliding. The geometry of the facility 
ensures a definite area of frictional contact. A load cell of the testing 
machine registers the frictional effort during drawing of the shaft 
through the hub at the imposed rate. The gauge, 5, connected with the 
chamber, records the imposed pressure level. Assuming incompressi- 
bility of the rubber hub and the absence of considerable clearance 
between the hub and the shaft, one may presume that the pressure of 
the hub on the shaft is equal to that of the gas inside the chamber. 

The basic parameters of the facility and operating conditions were 
as follows: the diameter of the shaft, d = 10mm; the contact length, 
1 = 40 mm; the rates of sliding, v = 0.1, 1,10, and 100mm/s; pressures, 
p=0.1,0.2,0.3,0.4, and 0.5 MPa. 

A plasticized butadiene-styrene rubber having a Young’s modulus 
equal to 0.15 MPa was chosen for experimentation. This magnitude 
allowed the covering of the range of the friction vs. pressure sensitivity 

+- 

To the grip of 
testing machine 

I: 1: 1 To the a r b  of 

u 
Compressed gas inlet and outlet 

testing machine 

FIGURE6 
pressure and rate of sliding. 

Scheme of the device for determination of the friction dependency on 
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98 V. V. MOSHEV AND V. N. KOVROV 

to a sufficient completeness within the limits of moderate values of p 
indicated above. The frictional force is represented in MPa. 

The results of testing are presented in Figure 7. Here, the friction, f ;  
means a specific magnitude, i.e., the tangential stress in MPa. It is 
seen that both the pressure and the rate of sliding affect friction in a 
markedly non-linear manner. As a function of pressure, the friction 
increases from zero (or almost zero) at zero pressure to some limiting 
value characteristic of the given rate of slip. Thef versus p dependence 
at vanishing rates may be considered as the dependence of the static 
friction on the pressure. 

The rate-dependence of the friction is strongly non-linear, a tenfold 
increase in the rate of slip giving, on average, only about a 20% 
increase in the frictional force. 

An empirical formula fit to the experimental data is given by: 

.f = 0.054( 1 - exp( - 8.0 p ) )  (1 + 0.93 ’) (1) 

whereJ is the specific friction force defined as indicated above, p is the 
pressure on the contact surface in MPa, and v is the rate of sliding in 
mmimin. 

f., MPa 

Pressure, MPa 

FIGURE 7 
mm/min (indicated near the curves). 

Dependence of the specific friction on pressure and rate of sliding in 
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INTERFACIAL FRICTION IN FILLED POLYMERS 99 

The results obtained clearly illustrate that friction in the system 
under consideration cannot be modelled according to the usual notion 
of the friction coefficient as a material property relating loads with 
frictional forces. 

4. DISCUSSION 

The data presented above provide insight (now at a qualitative level) 
into the manner in which the interfacial friction can affect the mechan- 
ical behavior of structural cells. Though they have been derived from 
a particular frictional pair, it is felt that (as far as i t  concerns frictional 
effects) the basic features are valid for other objects consisting of 
visco-elastic elements and solid substrates. This assumption provides a 
method for constructing simple mathematical models for a semiquan- 
titative analysis. 

Returning to the sketch in Figure 2, we model this physical object 
as a linear elastic spring resting on a substrate that resists the spring’s 
extension (Fig. 8). Let the elastic stiffness of the spring be G. The left 
ends both of the spring and of the substrate are held together and 
fixed. The right end of the spring is extended along the substrate. It is 
assumed that the spring is applied to the substrate with a constant, 

htial state 

Drag-elastic extension 
f mex 

f 

Distribution of efforts 
along the spring 

m&x 

FIGURE 8 Drag-elastic motion modelling. 
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100 V. V. MOSHEV AND V. N. KOVROV 

uniformly distributed pressure providing a constant specific (for a unit 
length) frictional force, 'T: along the moving length of the spring. The 
rate of extension is very low, permitting us to consider the friction 
force, 'T; as a constant value close to the static friction corresponding 
to the applied pressure, P. 

The task is to estimate how the pulling force, F ,  depends on the 
displacement, 2, of the right end of the spring. In the framework of the 
adopted conditions, the sliding of the spring along the length of du on 
the substrate appears, when the difference in pulling effort, d F ,  at the 
ends of the element, du, becomes equal to the dragging resistance of 
the substrate, Tdu, 

Hence, a linear increase in F with respect to u along the slipping part 
of the spring can be postulated 

where uo is the abscissa of the point at which spring slip appears. 
The extension of the spring corresponding to a current force, F ,  

within the sliding element, du, is obviously equal to FIG. It follows 
herefrom that the initial length, dx, of the strained element with a 
stretched length, du, can be expressed as 

dx = du/(l + FIG)  (4) 

The expressions (3) -(4) are basic in computing tensile curves for 
systems with constant values of T. After simple intermediate math- 
ematical manipulations, one arrives at a relation between the pulling 
force, F ,  applied to the end of the spring, and the end-displacement, Z ,  
having the form (for the conditions of Figure 8) 

2 = F/T - ( G / T )  In (1 + F/G). ( 5 )  

This expression allows one to get the general idea of the influence of 
friction on the mechanical behavior of the system under consideration. 
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INTERFACIAL FRICTlON I N  FILLED POLYMERS 101 

Figure9 represents the dependence of tensile curves on the T/G 
ratio. It is seen that friction contributes significantly to the resistance 
of the model when T exceeds about 0.1 of G. At lesser values of T it 
may be practically neglected. This simple model explains well the 
increasing importance of friction with filler volume fraction. From 
Figure 1, it follows that the thickness of the matrix belt in the equator- 
ial zone (A-zone) defines, in essence, the stiffness of the debonded cells. 
This matrix belt thickness decreases significantly with an increase in 
the filler volume fraction, while friction might not be influenced there- 
with. Therefore, the ratio of the friction magnitude to that of the cell 
stiffness should increase markedly with filler loading, which must 
enhance dissipative manifestations. That is actually the case. The 
experimental data presented in Figure 10 are extracted from Refer- 
ence 1. They demonstrate a significant increase in hysteresis with 
increasing filler concentration for previously-debonded composite 
samples. 

Eq. (1) (for plasticized butadiene-styrene rubber) has been used for 
calculating rate-dependent drag-elastic curves for the geometry of the 
model presented in Figure2. Various rates of extension have been 
applied to the right end of the spring under uniformly applied press- 
ure and tensile curves have been calculated. The calculated results are 

Force 
2 

1 

0 
0.0 0.5 1 

Strain 

FIGURE 9 
T/G ratios. 

Influence of friction on tensile curves. Numbers on the curves designate 
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102 V. V.  MOSHEV AND V. N. KOVROV 

displayed in Figure 1 la,  while in Figure 11 b the experimental data 
obtained on a commercial rubber tube are presented as well. Qualitat- 
ively, the prediction agree well with experimental results. 

Stress, MPa 

0.0 0.1 0.2 
SCrain 

FIGURE 10 
ings indicated near the curves. 

Hysteresis loops of the debonded specimens with different volume load- 

Force. H.1O-l 
5 50 500 

Force, H.10' 
100 1 0.01 

4 

3 

2 

1 

0 
0.0 0.2 0.4 0.6 0.8 

Displacement. ern 
0.0 0.25 0.50 0.75 

Deformation 

FIGURE 11 
various rates of extension. Rates in mm/min are indicated near the curves. 

Comparison of the computed (a) and experimental (b) tensile curves at 
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INTERFACIAL FRICTION IN FILLED POLYMERS 103 

The results reported provide evidence to support using the genera1 
form of Eq. (1) in structural investigations complicated by drag-elastic 
phenomena. 

5. CONCLUSIONS 

1. Two models have been presented for physical modelling of the 
effects of interfacial friction inside a damaged particulate polymer 
matrix composite. 

2. Some general results characterizing the pressure and time depend- 
ence of the interface friction have been obtained with the first 
model. The specific friction as a function of the pressure and the 
rate of slipping for a rubber-steel piston pair has been investigated 
and the corresponding empirical relationship has been derived 
therefrom. It has been demonstrated that, in this case, the coeffi- 
cient of friction is not material property. 

3. Comparison with experiment has shown that these simple models 
are promising for the numerical simulation of particulate compos- 
ites: for example, in the description of frictional dissipation in the 
framework of debonded structural cells of particulate composites. 
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