
 

 

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

Model Studies of the Effect of Surface Roughness and Mechanical
Interlocking on Adhesion
A. N. Genta; C. -W. Lina

a College of Polymer Science and Polymer Engineering, The University of Akron, Akron, Ohio, U.S.A.

To cite this Article Gent, A. N. and Lin, C. -W.(1990) 'Model Studies of the Effect of Surface Roughness and Mechanical
Interlocking on Adhesion', The Journal of Adhesion, 32: 2, 113 — 125
To link to this Article: DOI: 10.1080/00218469008030185
URL: http://dx.doi.org/10.1080/00218469008030185

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/10.1080/00218469008030185
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J .  Adhesion, 1990, Vol. 32, pp. 113-125 
Reprints available directly from the publisher 
Photocopying permitted by license only 
0 1990 Gordon and Breach Science Publishers S.A. 
Printed in the United Kingdom 

Model Studies of the Effect of Surface 
Roughness and Mechanical Interlocking 
on Adhesion 

A. N. GENT and C.-W. LIN 
College of Polymer Science and Polymer Engineering, The University of Akron, Akron, Ohio, 
44325-0301, U S A .  

(Received January 4, 1990; in final form April 11, 1990) 

The apparent strength of adhesion has been measured for a soft elastic layer adhering to model 
porous substrates, consisting of rigid plates containing regular arrays of cylindrical holes. Two 
contributions to the apparent strength have been identified and compared with the predictions of a 
simple theoretical treatment. The first is adhesion to the surface itself. Because “rough” surfaces have 
greater area for bonding, the strength of adhesion was increased by as much as twenty-fold. The 
second arises from the work of breaking deeply embedded or entangled strands in order to detach the 
overlayer. Contributions from this mechanism were as much as several hundred times the (low) 
intrinsic strength of adhesion. Satisfactory agreement was obtained with theory in both cases. 
Measurements were also made using cloth substrates, when the adhering layer penetrated the cloth 
completely. The work of detaching and breaking permeating strands was again much larger than the 
intrinsic strength of adhesion, in reasonable agreement with theoretical predictions. 

KEY WORDS Adhesion to cloth; adhesion of elastomers; adhesion of rubber; mechanical interlock- 
ing; porous substrates; surface roughness. 

1 INTRODUCTION 

Although the importance of surface roughness in adhesion has often been 
emphasized, there have been few quantitative studies of the effect.14 A rough 
surface presents a greater real area for bonding than a smooth surface, but this 
seems unlikely to increase the apparent work of detachment per unit of projected 
area by more than about 100 per cent. For example, a surface consisting entirely 
of protruding ridges, with a peak angle of a”, would only have twice as much 
surface for bonding as a flat surface of the same projected area. 

On the other hand, a deeply-pitted surface may have several times its apparent 
(planar) area. In addition, the mechanics of pulling out strands of an elastic 
material from deep pits leads to a substantial increase in the work of detachment. 
In the limit, if the adhering material thoroughly permeates a porous substrate, it 
may not be possible to pull out embedded strands without fracturing them. 
Adhesives that penetrate cloth fall into this category. 
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114 A. N. GENT AND C.-W. LIN 

We consider here two simple models of “rough” substrates: a flat surface 
containing deep cylindrical holes which the adhesive fills, and a perforated plate 
completely filled by adhesive and with a layer of adhesive on each side. In the 
first case the strands of adhesive are assumed to pull out of the holes. In the 
second, the strands are connected at each end to a continuous overlayer of 
adhesive. They are thus forced to break when one layer is pulled off. In both 
cases the adhesive is treated as an elastic solid. 

Theoretical relations are derived for the additional work required to remove an 
overlying layer of the adhesive, compared with that for detaching it from a flat 
surface of the same substrate. They are presented below. 

Experiments have been carried out with layers of rubber molded in contact 
with aluminum surfaces, both flat and pitted with cylindrical holes of various 
diameters and depths. Also, measurements have been made for rubber layers 
molded in contact with, and completely permeating, open-mesh woven-wire 
cloth. The results are reported in subsequent sections, and compared with 
theoretical predictions. 

The present problem is similar in some ways to that considered by Wake.’ He 
studied the increase in adhesion caused by protruding fibers of cloth that become 
embedded in an elastomeric adhesive layer applied to the cloth. If the fibers are 
relatively extensible in comparison with rubber, then the present theoretical 
treatment would apply in that case also. But fibers are generally much stiffer than 
elastomers. The mechanics of pull-out of rigid rods embedded in an elastic 
half-space is more complex than for the pull-out of elastic rods from a rigid 
half-space because the stress distribution is not known, at least as far as the 
present authors are aware. Quantitative analysis of the “Wake” effect must, 
therefore, be postponed until the corresponding elastic problem has been solved. 

A frictional contribution to the work of detachment may be significant for some 
porous substrates, when the permeating strands are long and thin, but it is 
ignored here in comparison with the work of separation and fracture. Further 
experiments would be highly desirable to evaluate the frictional contribution. 

2 THEORETICAL PREDICTIONS 

(a) Pull-out of embedded elastic strands 
The work wl required to pull a single strand out of a cylindrical hole is obtained 
from the product of the pull-out force F and the amount that the strand is 
stretched as it is pulled out, given by the product of its extension e under the 
force F and its length 1. Thus, 

The tensile strain e in the strand is given by 

for a cylindrical strand of radius a made of a linearly-elastic material of Young’s 
(tensile) modulus E. 

w1 = Fel. (1) 

e = Ffxa’E (2) 
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ROUGHNESS, INTERLOCKING AND ADHESION 115 

By equating the change in energy of the system as the length of the detached 
portion increases to the energy expended in detaching, the pull-out force is 
obtained as6 

F2 = 4n2a3EG, (3) 
where G, is the characteristic work of detachment of the adhering material from 
the substrate, per unit of bonded area-a measure of the strength of adhesion. 

From Eqs (l), (2) and (3), 

w1 = 4nalCa. (4 )  
Thus, the additional work required to pull a strand out is exactly twice that 
expected from the additional bonded area. (The rest is expended in stretching the 
strand as it detaches.) 

If there are n holes per unit area of the substrate, then the extra work w = nw,.  
But the area bonded in the normal way is reduced from unity to 1 - nna2. The 
net effect is to increase the work of detachment per unit of apparent area of 
substrate from G, to G:, where 

G:/G, = 1 - nna2 + 4nnal. 

G:/G, = 1 + [4( l /a)  - l ] ~ .  

(5 ) 

(6 )  

Putting 9, for the total area of holes per unit area of substrate, where q = m a 2 ,  

Equation (6) predicts that the work of detachment is increased only if the depth 
1 of the holes is greater than one-fourth of their radius. But adhesion to the 
substrate material at the base of the holes has been neglected so far. If we make 
the simple assumption that adhesion at these sites is exactly equivalent to 
adhesion at the surface, then Eq. (6) becomes 

GAIC, = 1 + 4 q ( l / a ) .  (7) 
For deep holes, with f / a  >> 1, the work of detachment is predicted to be much 

greater than the value G, for a flat surface. Indeed, it can easily exceed the work 
of fracture of the overlying layer when G, is large and the holes are relatively 
deep. Thus, we reach the surprising conclusion that the work required to detach 
an adhering layer from a rough surface can exceed the work of cohesive rupture 
of the layer, because of the large amount of extra work expended in stretching 
and detaching long protruding threads, without any of the threads actually 
breaking. 

It should be noted that work dissipated in the overlayer is neglected in these 
theoretical calculations. Only work expended in stretching the strands is 
considered. Thus, the real work of detachment may well be considerably larger. 

(b) Breaking of strands 

When the pores in the substrate interconnect, there is no way of pulling out a 
strand without breaking it. This situation arises when an adhesive permeates 
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116 A. N. GENT AND C.-W. LIN 

cloth, for example. In an attempt to take into account the work of strand rupture, 
we replace the complex network of permeating strands by an array of cylindrical 
threads, perpendicular to the plane of the substrate surface, and consider the 
work required to break them. 

Taking the work u b  of rupture of the material per unit volume as a measure of 
its strength, the work w2 required to break a single strand is given by 

w, = JrU21Ub. (8) 
For an array of n strands per unit area the corresponding contribution to the work 
of detachment is 

AG, = nna21Ub = #&,. (9) 
Equation (9) is similar to that derived by Gent and Thomas to account for the 
tear strength of foamed materials, considered as a network of connected  strand^.^ 

Thus, if strands must be broken as well as pulled loose from the holes in which 
they are embedded, the apparent work of detachment GA becomes 

G: = G,[1 + 4 ( l / a ) q ]  + lubq 

where 1 denotes the length of a strand between the point at which it is held fast 
and the upper layer, i.e., the length that is stretched to break. Note that the first 
term on the right-hand side of Eq. (9) depends only upon the “aspect ratio” l / a  
of the strands, whereas the second term depends directly on their length 1. For 
shallow pores, therefore, the second term will be small but for deep pores it will 
become dominant. 

Some experimental measurements of the work of detachment of elastic layers 
adhering to models of porous substrates are described in the following sections of 
this paper and compared with the theoretical predictions developed above. 

3 EXPERIMENTAL DETAILS 

Perforated aluminum plates of thickness 1.6 to 9.2mm were prepared with 
regular arrays of cylindrical holes, radius 0.77 to 1.33 mrn, drilled through them. 
The holes were placed at various spacings so that the fractional area cp of plate 
surface occupied by holes varied from about 0.1 to 0.5. Care was taken to remove 
rough edges from the holes by countersinking them slightly and polishing the 
edges. 

The plates were treated by the FPL (Forest Product Laboratories) process4 to 
give a standard, reproducible, oxide surface. An unvulcanized rubber compound 
was then pressed into contact with the plates so that the rubber formed a 
continuous layer on top, about 1.5 mm thick, and filled the holes completely. The 
rubber compound was then vulcanized in this position, by heating the assembly in 
a hot press for periods of 30-60min at temperatures of 141-150°C. In some 
instances, a layer of plastic material was placed underneath the aluminum plate to 
seal the lower end of the holes. Rubber in the holes then formed cylindrical 
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ROUGHNESS, INTERLOCKING AND ADHESION 117 

threads attached to the rubber overlayer and penetrating to the bottom of the 
holes, but not further. These specimens were used for “pull-out” experiments. In 
other cases, the rubber threads passed right through the holes to join an identical 
rubber layer placed on the other side of the plate. These specimens were used for 
“tearing” experiments, because the upper rubber layer could not be removed 
without breaking the interconnecting threads. 

Other experiments were carried out using stainless steel woven-wire cloth, 
having a loose square weave. Rubber layers were placed on either side of a piece 
of wire cloth so that the rubber completely penetrated it during molding and 
vulcanization. Again, therefore, strands of rubber were necessarily broken in 
detaching one of the rubber layers, either at 90” or in T-peeling, Figure 1. 

Wire diameters d ranged from 0.2 to 0.6mm. Rubber strand lengths 1 were 
taken as twice the wire diameter, and this was approximately the same as the 
overall thickness of the cloth. Viewed from on top, gaps between the wires 
appeared to be square holes, with lengths of side ranging from 0.13 to 1.0mm. 
The cross-sectional area of a rubber strand was taken to be the same as the area 

F 

f 

F 

f 

F 

(a) (b) 
FIGURE 1 (a) Sketch of rubber layer peeling from a perforated plate at 90”. (b) T-peel separation 
of two rubber layers connected by strands passing through a perforated plate. 
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118 A. N. GENT AND C.-W. LIN 

of this projected hole, although the strands actually had complex cross-sections, 
somewhat larger than the apparent hole size. Dimensions of the wires and holes 
are given in Table I, together with values of QJ calculated from them. 

Two different elastomers were used as adhering layers, giving soft rubbery 
materials of similar elastic modulus but of widely-different strength. They were: 
natural rubber (NR) and a styrene-butadiene copolymer (SBR). The mix recipes 
and vulcanization conditions are given in the Appendix. The tensile breaking 
energy U, was determined for each material from the area under the tensile 
stress-strain relation up to the breaking point. Values were obtained of 19 MJ/m3 
for the natural rubber vulcanizate and 3.0MJ/m3 for the SBR vulcanizate. 
Measurements were made of the peeling energy for a layer of each material, 
20 mm wide, vulcanized in contact with a flat aluminum plate treated by the FPL 
process, for comparison with the energy expended in peeling a similar layer away 
from a perforated aluminum plate, when rubber threads were pulled out 
simultaneously. Values were obtained of 35 f 2 J/m2 for the NR vulcanizate and 
34 f 3 J/m2 for the SBR vulcanizate. 

In all cases the rubber overlayer was about 1.25 mm thick. A thin cotton cloth 
was embedded in it before vulcanization so that it could be peeled away from the 
aluminum plate without being stretched appreciably. Peel experiments were 
carried out at a rate of 5 mm/min and at a peel angle of 90". Fracture energies for 
tearing away the rubber overlayer, when the rubber threads passed right through 
a perforated aluminum plate or a woven wire cloth, to join a similar rubber layer 
on the other side, were determined by peeling away at 90" and in a symmetrical 
way (T-peeling), as shown schematically in Figure 1. All experiments were 
carried out at room temperature, about 23°C. 

Peel and fracture energies were calculated from the following relations: 

G: = F/w for 90" peeling and 

G: = 2F/w for T-peeling. 

(11) 

(12) 

In each experiment the peel force F was averaged over a peel distance of about 
15mm. Each result given below represents the average of three similar 
experiments. 

TABLE I 
Characterization of square-woven stainless steel cloth 

Wire diam. 
Sample d (=1/2, mm) 

1 0.585 
2 0.585 
3 0.33 
4 0.28 
5 0.19 
6 0.305 

Length s of side 
of holes (mm) 

1.02 
0.685 
0.51 
0.152 
0.127 
0.585 

Number of holes 9, 
n ( x m-') (=ns2) 

0.38 0.39 
0.62 0.29 
1.44 0.375 
5.05 0.115 
9.95 0.16 
1.45 0.50 
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ROUGHNESS, INTERLOCKING AND ADHESION 119 

4 EXPERIMENTAL RESULTS AND DISCUSSION 

(a) Pull-out of strands 

Apparent values of the work C: of detachment are given in Table I1 for NR 
molded in contact with aluminum plates having cylindrical holes in them. The 
depth of holes ranged from 1.6 to 9.2 mm, their radius from 0.77 to 1.3 mm, and 
the fractional surface area occupied by holes from 0.1 to 0.5. As a result, the 
work of detachment was increased from the value on a smooth surface, 35 J/m2, 
by factors ranging from 2 X to 20X , as shown in Table I1 and Figure 2. 

Values calculated from Eq. (7), taking into account the work of stretching 
threads as they are detached, are included in Table I1 and are represented in 
Figure 2 by the full line. They are seen to be similar to the measured values in all 
cases, lending support to the simple theory leading to Eq. (7). It is clear that the 
extra work of pulling out threads can greatly increase the work of detachment. 

(b) Tearing of strands 

In order to isolate the work of breaking threads from the work of detaching them, 
specimens were prepared using perforated aluminum plates sprayed with a mold 
release agent before rubber layers were molded in contact with them. Two rubber 
layers were placed on either side of a plate so that the rubber threads passed 
through the plate and joined them together, Figure 1. Then, when the layers were 
peeled apart, the threads were forced to break. When there is no direct adhesion, 

TABLE I1 
Work G: of peeling NR layers from Al plates, perforated with holes of depth 1 

and radius a 

1.62 0.77 2.12 0.10 
1.62 0.77 2.12 0.23 
1.62 0.77 2.12 0.37 
2.3 1.25 1.85 0.42 
2.3 1.25 1.85 0.53 
2.3 0.77 3.00 0.10 
2.3 0.77 3.00 0.16 
2.3 0.77 3.00 0.23 
3.12 0.77 4.05 0.10 
3.12 0.77 4.05 0.15 
3.12 0.77 4.05 0.23 
3.12 0.77 4.05 0.33 
6.55 0.82 8.0 0.40 
6.55 0.82 8.0 0.53 
6.55 1 .OO 6.55 0.43 
6.55 1.15 5.65 0.41 
9.2 0.82 11.2 0.40 
9.2 1.30 7.05 0.42 

65 
103 
145 
144 
172 
77 

102 
132 
92 

120 
165 
222 
482 
629 
429 
360 
663 
450 

G: (meas.) 
(J/mZ) 

105 f 35 
105 f 35 
195 f 35 
155 f 20 
185 f 25 
130f35  
65 f 20 

110f20  
135 f 35 
190 f 35 
195 f 25 
255 f 45 
540 f 50 
685 f 40 
505 f 40 
410 f 40 
735 f 110 
410 f 80 
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120 A. N. GENT AND C.-W. LIN 

'*O I 

FIGURE 2 Effective work G: of detachment for layers of NR vulcanized in contact with perforated 
Al plates, plotted against the porosity parameter cp(l/a) in accordance with Eq. (7), for holes of 
various depths 1 in the range 1.6 to 9 mm, radii a in the range 0.8 to 1.3 mm, and occupying a fraction 
cp of the plate area ranging from 0.1 to 0.5. The full line represents the predictions of Eq. (7). 

Eq. (10) becomes 

G: = lubq. (13) 

Experiments were carried out with both the strong NR material and the weak 
SBR material. Results are given in Table 111 for detachment at No, i.e., with the 
upper rubber layer peeled away at 90" and the lower layer held flat against the 
other side of the perforated plate, Figure la. The results for NR, when the work 
of detachment reached extremely high values, up to 13kJ/m2, are plotted 
in Figure 3 against the geometrical term lq. For SBR the results are shown in 
Figure 4. 

Equation (13) predicts a linear relationship in this representation, with a slope 
of &,. The full lines in Figures 3 and 4 are drawn with the corresponding slopes. 
They are seen to be in satisfactory agreement with the experimental points. 
Values of the work of detachment G: calculated from Eq. (13) are included in 
Table 111 for comparison with the directly measured values. They are seen to be 
in generally good agreement over the entire experimental range. 

However, results from a symmetrical test arrangement, Figure lb ,  gave 
considerably larger values for G:, nearly twice as large in some instances. This 
anomaly is attributed to the inapplicability of Eq. (12) when relatively few rubber 
threads are stretched at the same time. Equations (11) and (12) are based on a 
summation of the forces in threads stretched to various degrees on the way to 
break, the total work of breaking them being provided by the force F. When 
there are only a few threads under tension simultaneously, then the integration 
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ROUGHNESS, INTERLOCKING AND ADHESION 121 

TABLE 111 
Tearing NR and SBR layers away from perforated Al plates 

n X G: (90" peel) G: (T-peel) G: (calc. from Eq. (13)) 
(m-2) (kJ/m2) (kl/m2) (kJ/mZ) 

5.45 
8.65 

12.5 
20 

5.45 
8.65 

12.5 

5.45 
8.35 

12.5 

8.75 
12.5 
25 

5.45 
8.65 

12.5 
20 

5.45 
8.65 

12.5 

5.45 
8.35 

12.5 

8.75 
12.5 
25 

(a) NR Layers 
[I = 1.62 mm, a = 0.76 mm] 

3.9 f 1 
5.25 f 1 
7.6 f 1.5 11.3f 1.3 

10.8 f 1 

5.65 f 2 
8.3 f 1 

16.5 f 1 
[I = 2.3 mm, a = 0.76 rnm] 

4.9 f 0.75 
7.6f  1 10.1 f 2 

13.7 f 2 

6.6 f 1.5 

10.3 f 1.5 
[I = 3.12 mm, a = 0.79 mm] 

6.05 f 1 
8.6 f 0.8 

13.2 f 1.5 

10.8 f 2.5 
13.5 f 2.5 
19.5 f 2.5 

[I= 1.58mm,a=0.50mm] 
2.45 f 0.4 
3.1 f 0.4 
6.1 f 0.8 

4.4 f 0.7 
3.9 f 0.8 

10.8 f 1 
(b) SBR Layers 

[I = 1.62 mm, a = 0.76 mm] 
0.72 f 0.15 0.88 f 0.2 

1.1 f0.15 1.4f0.3 
1.8 f 0.12 1.75 f 0.35 
2.5 f 0.1 2.7 f 0.5 

[I=2.30mm,a =0.76mm] 
0.98 f 0.25 
1.25 f 0.25 
2.20 f 0.05 

1.18 f 0.3 
1.45 f 0.25 
2.25 f 0.3 

[I = 3.12 mm, a = 0.79 mm] 
1.20 f 0.4 
1.6 f 0.1 
2.5 f 0.15 

1.75 f 0.5 
2.2 f 0.5 
3.4 f 0.5 

(I = 1.58 mm, a = 0.50 mm] 

0.51 f 0.03 0.66 f 0.15 
0.64 f 0.03 0.66 f 0.05 
1.20f0.12 1.30f0.15 

3.05 
4.85 
7.05 

11.3 

4.35 
6.92 

10.0 

6.05 
9.3 

13.9 

2.05 
2.95 
5.90 

0.49 
0.78 
1.13 
1.80 

0.70 
1.10 
1.60 

1 .oo 
1.55 
2.35 

0.33 
0.47 
0.95 

becomes invalid and should be replaced by a simple summation of forces. In 
particular, when a few threads are stretched to break simultaneously, then the 
forces for 90" detachment, Figure la,  become equal to those for symmetrical 
detachment, Figure lb ,  and the apparent work of detachment calculated from 
Eq. (11) becomes twice as large as that calculated from Eq. (10). 
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-- I 900 peel : 
T-Dee1 : 0 

0 I' I 
0.0 0.2 0.4 0.6 0.8 1 .o 

FIGURE 3 Effective work G: of detachment for layers of NR vulcanized in contact with the two 
sides of a perforated Al plate and joined together by interconnecting strands, plotted against the 
porosity parameter ql in accordance with Eq. (13). The full line represents the predictions of Eq. 
(13). 

0.0 0.2 0.4 0.6 0.8 1 .o 

Ql (mm) 

FIGURE 4 Effective work G: of detachment for layers of SBR vulcanized in contact with the two 
sides of a perforated Al plate and joined together by interconnecting strands, plotted against the 
porosity parameter ql in accordance with Eq. (13). The full line represents the predictions of Eq. 
(13). 
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30 

, 20-- 
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goo peel : 
--  T-peel : 0 

6 6 A  1 
1 1  

(c) Peeling from open-weave wire cloth 

Specimens were prepared by pressing two layers of rubber on either side of a 
sheet of square-woven stainless steel wire cloth so that the rubber completely 
permeated the cloth before it was vulcanized. The wire cloths were sprayed with a 
silicone mold release agent before use, to minimize both adhesion and friction of 
the rubber in contact with the wire and thus permit the fracture contribution to 
apparent adhesion to be isolated. 

Experiments were carried out in both 90" peeling and T-peeling. In the former 
case, the wire cloth and lower rubber layer were held flat by means of two long 
parallel metal clamps and the upper rubber layer, only 8mm wide in these 
experiments instead of 20 mm wide, was peeled away at 90". Bending of the wire 
cloth was prevented in this way, even when NR samples, requiring relatively large 
peel forces to detach them, were used. 

Results are shown in Figures 5 and 6, for samples of NR and SBR, 
respectively. They are compared with the predictions of Eq. (13), represented by 
the full lines in Figures 5 and 6. Reasonably satisfactory agreement is seen to hold 
between the theoretical predictions and the experimental results in all cases, 
although for NR samples, having a strength at least 10 times larger than for SBR, 
the results from T-peel were significantly higher than from 90" peel, as noted 
before for T-peel from perforated plates. This anomaly is attributed to the same 
effect: when only one or two rows of strands carry the entire peel force, the 
integration upon which Eqs (11) and (12) are based is no longer appropriate. 

6 

FIGURE 5 Effective work G: of detachment for a layer of NR vulcanized in contact with a sheet of 
open-weave stainless steel wire cloth and joined to a similar layer on the other side by interconnecting 
strands, plotted against the porosity parameter ql in accordance with Eq. (13). The full line represents 
the predictions of Eq. (13). 
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FIGURE 6 Effective work C: of detachment for a layer of SBR vulcanized in contact with a sheet of 
open-weave stainless steel wire cloth and joined to a similar layer on the other side by interconnecting 
strands, plotted against the porosity parameter T I  in accordance with Eq. (13). The full line represents 
the predictions of Eq. (13). 

5 CONCLUSIONS 

When an elastic adhesive layer penetrates into pores in a rigid substrate, extra 
work is expended in debonding the layer because the material in the pores is 
stretched as it is pulled out. The extra work can be estimated for a simple 
linearly-elastic adhesive, using a fracture energy criterion for debonding. The 
theory predicts that the extra work is proportional to the fractional area of 
surface occupied by pores, and to the ratio of depth to diameter of the pores. 

Experiments with a layer of natural rubber vulcanized in contact with model 
porous surfaces gave good agreement with the theoretical predictions, the 
apparent work of detachment being increased by a factor of up to 20x. (It should 
be noted that the apparent work of detachment can exceed the work of rupture of 
the adhesive layer itself, without any of the material actually breaking.) 

When the pores are interconnected, however, the strands of adhesive within 
them will break rather than pull out. The extra work from this process has been 
evaluated for some simple cases. It was as much as several hundred times the 
(low) work of detachment from a smooth substrate, in good agreement with 
theoretical predictions that take into account the work of strand rupture. In this 
case, the additional work is proportional to the depth of the pores, and thus it will 
become the dominant term for deep pores. 

Measurements were also made of the work of separating a vulcanized rubber 
layer from a sheet of open-weave wire cloth that the rubber had permeated. 
Again, the work of detachment was greatly increased by the extra work of 
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breaking strands of rubber, in reasonable agreement with the theory incorporat- 
ing the work of strand rupture. 
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Appendix 

Mix recipes and vulcanization conditions employed to prepare the rubber layers 
were as follows: 

Elastomer, 100; zinc oxide, 5; stearic acid, 2; accelerator (Santocure), 1; sulfur, 
2.5 (NR) or 2 (SBR). Vulcanization was effected by heating for 30 min at 141°C 
for NR and 60 min at 145°C for SBR. 

The elastomers used were natural rubber (pale crepe) and a styrene-butadiene 
copolymer containing 23.5% styrene and 76.5% butadiene (Plioflex 1502, The 
Goodyear Tire and Rubber Company). 
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