On the Adhesion Force between Deformable Solids

The mechanics of the adhesion of curved elastic
bodies is in dispute, as evidenced by some recent
articles and exchanges in this journal (1, 2). Accord-
ing to the theory of Derjaguin et al. (henceforth the
DMT theory, Ref. (1)) curved elastic bodies in contact
under an external compressive force undergo a
Hertzian-type deformation. On reversing the external
force the bodies should come apart when the area of
contact has fallen to zero, i.e., at the point where the
surfaces assume their undistorted shape, and the
pull-off (adhesive) force F when this occurs is
given by

F = 4nRy, 1

where R is the radius of curvature of the surfaces
(/R = 1/R, + 1/R, for two spheres) and v is their sur-
face energy. According to the theory of Johnson
et al. (henceforth the JKR theory, Ref. (3)) the shape
of the bodies is always non-Hertzian, pull-off occurs
spontaneously at a finite contact radius, and the pull-
off force is

F = 37Ry, 12}

though Tabor (2) has argued that a value inter-
mediate between [1] and [2] may be more realistic.

Regarding the shapes of elastic bodies in contact
Tabor (2) and Israelachvili (4) have shown that the
JKR theory provides a better description of the
macroscopic deformation of surfaces in contact, and
just before pull-off. In particular, we found that pull-
off occurs spontaneously when the contact radius has
fallen to 0.58 = 0.04 of the value under zero ex-
ternal force (cf. the very similar result obtained for
bare mica surfaces (4)). These values compare well with
the theoretical value of (1/4)V® = 0.63 predicted by
the JKR theory. Figure 1A shows the FECO fringe
pattern for two surfaces under an external compres-
sive force in the absence of adhesion, and Fig. 1B
the fringe pattern for the two surfaces in strong
adhesive contact. It is clear that the shapes of the
surfaces are different: in the former (nonadhesive)
configuration the surfaces bifurcate smoothly at the
periphery of the contact zone (Hertzian-like), while
in the latter (adhesive) configuration they bifurcate
very sharply (JKR-like), though as pointed out by
Tabor (2) the microscopic shape in the immediate
vicinity of bifurcation may be smooth while optically
unresolvable.

Thus it appears that thesmajor issue that remains
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unresolved is that concerning the pull-off force,
which has so far not been directly measured be-
tween surfaces of a priori known surface energies.
We have measured the pull-off forces between
crossed-cylindrical surfaces of molecularly smooth
mica each coated with an adsorbed monolayer of
either calcium stearate (CaSt) or hexadecyltrimethyl-
ammonium bromide (CTAB). CaSt monolayers were
deposited by retraction from a 107* M CaCQ; solu-
tion at pH 8.4, piston pressure 16 dyn/cm. The CaSt
monolayers had a thickness of 25 A, as expected
(5, 6). CTAB monolayers were deposited by retrac-
tion from an 8 X 107* M CTAB solution in water.
These monolayers had a thickness of 18 A, also as
expected (7). Pull-off forces F and radii of curva-
ture R (=1 cm) were measured as previously de-
scribed (8). The monolayer surfaces were thoroughly
dried before use and all experiments were per-
formed in an atmosphere of air or dry N, at 21°C (no
differences in the results were observed). Table I
shows the values obtained for the surface energies
of the CaSt and CTAB surfaces as deduced from the
measured pull-off forces according to Egs. [1] and
[2]. Since the CaSt monolayer is close packed, ex-
posing only —CHj, groups at the surface, a value for y
in the range 22-24 erg/cm? is expected (9). In con-
trast, the trimethylammonium head group of CTAB

A B

FiG. 1. Fringe pattern for two curved mica sur-
faces (A) in compressive contact in water in the ab-
sence of adhesion, and (B) in adhesive contact in air.
The shapes of the fringes accurately reflect the macro-
scopic shapes of the surfaces after noting that the verti-
cal magnification is about 10* times the horizontal
magnification (6). In both cases the diameter of the
contact zone is about 50 m (seen as the flat horizontal
parts of the fringes).
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NOTES

TABLE I
Surface Energy Values

7y (erg/cm?) from measured
pull-off force F

Exposed Eq. [1] Eq. [2]
Surface surface groups y = Fl4nR y = Fi37R
CaSt -CH, 233 +1.0 31.0=x1.5
CTAB -CH;and -CH, 26.6 +1.5 355+2.0

has a large cross-sectional area which leads to the
exposure of both —CH, and —CH, groups to the out-
side; consequently, a value for y‘intermediate between
23 and 31 erg/cm? is expected (9). From Table 1 it is
clear that Eq. [1] gives the correct pull-off force
when calculated in terms of known surface energies.
Equation [2] does not.

We conclude that the DMT theory predicts the
correct value for the pull-off (adhesive) force even
though the macroscopic geometry of the contact zone
is better described by the JKR theory.

ACKNOWLEDGMENT

We are grateful to Dr. L. R. White for useful
discussions.

261

REFERENCES

1. Derjaguin, B. V., Muller, V. M., and Toporov,
Yu. P., J. Colloid Interface Sci. 53, 314 (1975);
67, 378 (1978); 73, 293 (1980).

2. Tabor, D., J. Colloid Interface Sci. 58, 2 (1977);
67, 380 (1978); 73, 294 (1980).

3. Johnson, K. L., Kendall, K., and Roberts, A. D.,
Proc. Roy. Soc. London Ser. A 324, 301 (1971).

4. Israelachvili, J. N., Faraday Discuss. Chem. Soc.
No. 65, 20 (1978).

5. Bernstein, S.,J. Amer. Chem. Soc. 60, 1511(1938).

6. Israelachvili, J. N., J. Colloid Interface Sci. 44,
259 (1973).

7. Logaly, G., Advan. Colloid Interface Sci. 11, 105
(1979).

8. Israelachvili, J. N., and Adams, G. E., J. Chem.
Soc. Faraday Trans. I 74, 975 (1978).

9. Zisman, W. A., Ind. Eng. Chem. 55, 19 (1963).

J. N. ISRAELACHVILI
E. PEREZ
R. K. TaNnDON

Department of Applied Mathematics
Institute of Advanced Studies

Research School of Physical Sciences
Australian National University

Canberra, Australian Capital Territory 2600
Australia

Received March 20, 1980; accepted May 8, 1980

Journal of Colloid and Interface Science, Vol. 78, No. 1, November 1980



