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PREFACE 

This one of a series of reports of work performed on USA SIPRE 
Project 22. l-4, Thickness and strength of ice surface layers. The purpose 
of these investigations is to investigate the physical properties of thin water 

films. 

The work reported here was performed by Dr. Jellinek, physical 
chemist. Mr. R. Ti~n, physicist, performed the experiments and Mr. W. 
Banks, machinist, helped in the construction of the shear apparatus. Help 
on the computer work was given by Dr. Chi Tien, physicist. Work on this 
project was performed for USA SIPRE's Basic Research Branch, Mr. J. A. 
Bender, chief. 

~~:;·- ~ 
Colonel, Co·l'pS of Engineers 
Director 

Manuscript received 7 August 1959 

Department of the Army Project 8-66-02-400. 
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SUMMARY 

An optical method has been established to measure film thickness 
down to about 0. ZJJ. and a shear apparatus has been constructed for the 
investigation of frictional properties of water films sandwiched between 
optically flat glass plates. Friction has been studied as a function of 
film thickness, rate of shearing and temperature. It rises very rapidly 
from very low values to high values when the film becomes lJJ. or thinner. 
The stress is inversely -proportional to the film thickness and only slighly 
dependent on. rate of shear, decreasing with increasing shear. 

The phenomenon is clearly that of dry friction due to particulate 
matter and some remaining asperities in the glass surface. 
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INTRODUCTION 

At temperatures below the melting point of ice in bulk, thin water films seem 
to have properties which are different from the properties of water in bulk. Vapor 
pressure and freezing point seem to be abnormal even after taking into consideration 
interfacial free energies and curvature of surfaces (Hori, 1956). A study of the 
frictional properties of thin water films may also throw light on the mechanism of 
ice adhesion to metals and other substances. Jellinek (1957; 1960) assumed a 
liquidlike layer at the ice/solid interface even appreciably below the melting point 
of ice in order to account for experimental results obtained by shear and tensile 
experiments with ice/stainless steel and ice/fused quartz systems. 

A difficulty in the present work arises in connection with the preparation of 
water films completely free of particulate matter {dust particles). This is a 
formidable task and was not attempted at this preliminary stage of the work. 
Bastow a!ld Bowden (1931) carried out experiments with optically flat glass plates 
free from dust. The films used in our work were not completely free from dust 
particles, however, and the frictional resistance measured is due to solid particles 
surrounded by water sandwiched between two optically flat glass plates. Asperities 
still present on the glass surfaces also play a role. The adhesion experiments by 
Jellinek (1957; 1960) were carried out with snow-ice, also not completely free from 
particulate matter, so that experiments with water films presented here may be in 
some respects comparable to the adhesion experiments. · 

Results are presented dealing with the frictional properties of thin water films 
sandwiched between two optically flat glass plates. Frictional force was measured 
as a function of film thickness and rate of shear. The frictional properties measured 
in these experiments seem to be largely determined by the particulate matter in the 
film and it would be desirable to work in the future with completely dust-free film. 
The optical method of measuring film thickness and the shear apparatus for measur
ing frictional properties represent new experimental approaches in this field. 

EXPERIMENTAL 

Materials 

Distilled water was passed through a filter paper of pore size 0. 45tJ. (Millipore 
Filter Corporation, Bedford, Mass.). This filtration was carried out in a closed 
system. Solvents used for cleaning, such as metl?.ylalcohol and benzen~, were of 
reagent grade. 

Preparation of thin films 

Thin water films were prepared by placing a small drop of water on a glass 
plate carefully cleaned with benzene and metl;lylalcohol (Fig. 3(1 )). The second 
plate was carefully slid over the first one and a few sliding and rotating movements 
were made. This allows some of the water to evaporate and pushes larger· particles 
off the plate as well as providing some grinding action. The thickness of the films 
ranged from about 0. 2 to 1j.L. The plates were flat to within about 500A. 

Determination of film thickness 

The film thickness was measured by an optical interference method (Fig. 1 ). 
A white light beam passes through a slit of a collimator and is focused on the water 
film. The reflected beam in turn is focused on the slit of a simple spectroscope. 
The spectrum shows a number of dark interference lines. A wave length scale can 
be superposed on the spectrum. The prism was adjusted by means of sodium light 
and the wave length scale was calibrated with a mercury lamp. The calibration 
curve is shown in Figure 2. 

The film thickness was calculated as follows. The thickness of a film, sand
wiched between two glass plates whose refractive index is larger than that of the 
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Figure 1. Optical arrangement for measuring film thickness {see text). 
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7.0xlcT film, is given by 

6.0 ( 1 ) 

where L is the thickness of the film, A 
5.0 

4.0 L,___J____l _ _l_____l _ _l____,L _ _L_--L._...L.,__...J,._..L..,__J...._,l__J....__J 

the wave length for a dark interference 
line of the nth order, 1-.1. the refractive 
index of the film and a the angle of refrac
tion from the glass into the water film. 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 

SCALE DIVISION (SPECTROSCOPE) In the present case 

Figure 2. Wave length calibration curve. 
nHzO, 24C = 1. 333. 

The incident angle i on the glass plate is given by the constant angle of the two col
limators, which is -45°, hence i = 22. 5°. The refracted angle into the water film is 
then given by 

since 

sin a 
sin 22. so 

~zO 

sin i 
sin a 

1 gass 

v. 
a1r 

v 
glass 

sin a 
1 and g ass 

sin aHzO 

where v is the velocity of light in the various media; further 

In this case 

v. 
a1r 

v 
glass 

v. 
n 

1 
and a1r 

g ass vHzO = nHzO · · 

cosaHzO = 0. 958. 

However n is not known in eq 1 and interference lines at two wave lengths have to 
be measured.- In that case 

is known and L can be obtained as follows: 

(2) 

and 

(3) 

Introduction of (3) in (2) leads to: 

(4) 

2L = At (n - 1) + Az (~z - 1 ). 
21-L cos a 1 21-L cos a (5) 
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Figure 3. 
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Shear apparatus. (1) Glass plates, (2) Baldwin load cell, (3) Statham 
strain gage, (4) Steel on inclined plane. 

Introducing eq 4 and 3 into 5 leads to: 

(6) 

Eq 6 can be solved for L by determining the wave lengths corresponding to two 
interference lines in the spectrum and counting the lines, taking the first counted 
line as zero. In the case of thin films about 0. 21J. thick only one line appears. For 
this case the smallest number for~ giving a finite thickness is 2, hence eq 1 reduces 
to: 

L= 21-1 cos a 
(7) 

A number of measurements were carried out in order to ascertain the accu•racy 
of the optical measurements. A film was measured which showed four interference 
bands in the spectrum. The wave length for each interference line was measured 
and the mean for each line taken; the thickness was then calculated by combination 
of lines 1 and 2, 1 and 3, and l and 4. 

No. of band Scale divisions Wave length {em) 

4.35 5.345xlo-s 

2 5.·3 5. 035 x 10-5 

3 6. 3 4. 805 X 1 o-s 

4 7.4 4.57 X 1 o- 5 
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Bands 1 and 2 give a thickness of 3. 66f..1 
Bands 1 and 3 give a thickness of 3. 73f..1 
Bands 1 and 4 give a thickness of 3. 72f..1 

5 

Average thickness is 3. 70f..1 ± 2o/o. The accuracy for thinner films is somewhat.less. 

Shear apparatus and procedure 

The shear apparatus is shown in Figure 3. It consists of a steel frame to which 
a gear wheel and a worm gear are attached leading to a motor. By rotating the gear 
wheel at a constant speed, a Baldwin load cell (2}, which is attached to one of the 
glass plates (1} via a chain, can be withdrawn at a constant speed. The actual 
sliding movement of the glass plate is recorded by a Statham strain gage (3), Trans
ducer Model G 7A- 0. 15-350. The bottom plate is rigidly fixed to the shear apparatus. 
Adjustment of the glass plates with the load cell was achieved by moving the steel 
piece (4} on an inclined plane by means of a precision screw and locking it in position. 
The glass plate was pulled during each experiment at constant speed and the film 
thickness was measured immediately before 1and after each experiment; the average 
thickness was taken. The total movement of the upper plate was 1 to 2 mm. The 
cross-sectional area of each plate was 33.2 cmZ and the thickness 0. 92 em. The 
plates had slightly bevelled edges. 

RESULTS 

Figures 4 to 10 show the shear stress plotted against the reciprocal film 
thickness. The average temperature was 24 ± l. 5C. The relationship can best 
be expressed by straight lines; these are given by the following equations (the 
straight lines and standard deviations were obtained on a computer, Bendix G 15D}: 

Equation Standard 
Rate of shear S = stress (kg/cmZ) deviation 

Fig. no. (em/sec} L = thickness (f-1} (kg/cmZ} 

4 0. 033 s 0. 0172 
-0.0114 ± 3. 89 X 10-3 

L 

5 0. 023 s 0.0204 o. 0191 ± 7. 18 x 1 o-3 = 
L 

6 0.0118 s = 0.0193 
0. 0125 ± 6. 66 x 1 o-3 

L 

7 0.0075 s 0. 0111 
L 

0. 0052 ± 9. 31 x 1 o-3 

8 0. 0041 s 0. 0132 
- 0. 0042 ± 9. 64 x 1 o-3 

L 

9 0. 00074 s 0. 0235 
0.0201 ± 7. 84 x 1 o-3 

L 

10 0. 00033 s = 0. 0162 
-0.00123 ±9.46x1o-3 

L 

It was observed that the frictional force dropped very rapidly for films of thickness 
over 1f..1, to such low values that they could not be recorded. 

Figure 11 shows the frictional strength plotted as a function of shear rate for 
three film thicknesses. It is seen that the relationship is approximately linear 
(least squares) and that shear strength decreases slightly with shear rate. The 
equations are given below: 

Equatiqn Standard 
Thickness S = stress (kg/cmZ) deviation 

L {f.l} v =rate of shear (em/sec} (kg/cmZ} 

0.25 s 0. 0619- 0.132 v ± 0. 0098 

0.50 s 0. 0282 - 0. 211 v ± 0. 003 6 

l. 00 s 0.0114- 0. 250 v ± 0. 0059 
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Figure 4. Shear stress vs reciprocal film thickness. Rate of shear 0. 033 em/sec . 
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Figure 5. Shear stress vs reciprocal film thickness. Rate of shear 0. 023 em/ sec. 
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Figure 6. Shear stress vs reciprocal film thickness. Rate of shear 0. 0118 em/ sec . 
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Figure 7~ Shear stress vs reciprocal film thickness. Rate of shear 0. 0075 cm/.sec. 
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Figure 8. Shear stress vs reciprocal film thickness. Rate of shear 0. 0041 em/sec . 
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Figure 9. Shear stress vs reciprocal film thickness. Rate of shear 0. 00074 em/sec. 
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Figure 10. Shear stress vs reciprocal film thickness. Rate of shear 0. 00032 em/sec. 
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Figure 12. Typical recordings of force vs time for film thickness of about 0. 51J.. 
Rate of shear {em/sec): (1) 0. 00033, {2) 0. 00074, {3) 0. 0041, {4) 0. 0075, 

{5)0.0118,, {6)0.023, {7)0.033. 
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Recordings of force vs time which show constant plateaus. 
1. Rate of shear 0. 0118 em/ sec, L = 0. 851J.. 
2. Rate of shear 0. 023 em/sec, L = 0. 96~J.. 
3. Rate of shear 0. 033 em/sec, L = 1. 41J.. 

1. Rate of shear 0. 00074 em/sec, L = 0. 591J.. 
2. Rate of shear 0. 0075 em/sec, L = 0. 86j-L. 
3. Rate of shear 0. 0118 em/sec, L = 0. 5l!J.. 
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5.0 

Figure 14. Shear stress vs 
reciprocal film thickness, 
tests performed at -5C. 
Rate of shear 0. 0114 em/sec. 

Figure 12 shows some typical recordings for 
film thicknesses in the region of 0. 51J. at various 
shear rates. They are characterized by a steep 
rise to a maximum force value, which quickly falls 
to an appreciably lower level, decreasing subsequently 
very slowly. 

In some cases, predominantly for thicker films, 
the forces rise to a plateau, which remains constant 
for an appreciable time. {Fig. 13). 

A number of experiments were also performed 
at -5C. The rate of shear was 0. 0114 em/sec. The 
results can also be expressed by a straight line 
relation between stress and reciprocal thickness 
{Fig. 14). The equation for this straight line is: 

S = (0. 62/L)- 2. 78, standard deviation± 0. 04. 

DISCUSSION 

The results for shear stress as a function of rate 
of shearing show that a viscosity corresponding to the 
bulk viscosity of water is certainly not measured. 
Th1s bulk viscosity seems to be approached rapidly 
when the film thickness becomes larger than 1jJ.. The 
stress expected for a film of water of 11J. thickness 
at the same viscosity as bulk water and at a shear 
rate of 0. 01 em/sec would be 8. 9 x 10-6 kg/cm2 ; this 
value should be compared with a value of 6. 8 x 10 -z 
kg/cm2 actually obtained by experiment. Bastow and 
Bowden { 1 9 3 5) found that the viscosity of water films 
of thicknesses as small as 2 x 1 o-5 em was similar 
to that of bulk water. These experiments were 
carried out by keeping two polished plates at a constant 
distance and flowing water through them at various 
pressures. 

There is, therefore, no doubt that in the present work the experimental shear 
stress is not due to the viscosity of water or even due to an effect of thickness on the 
water. It must have some connection with the particulate matter present between 
the glass plates and possibly with asperities on the surface of the glass. 

The stress values obtained at -5C are appreciably higher than those at 24C. This 
indicates that the frictional properties of water play some role. 

Another paper by Bastow and Bowden {1931) is of interest in this connection. 
These autho.rs investigated the approach of two optically flat glass plates. Previous 
workers in this field (for references see Bastow and Bowden, 1931) were puzzled by 
the observation that two optically flat clean glass plates invariably approached only 
within a distance of about 4j.l and then remained apparently floating in the air. How
ever, Bastow and Bowden, by very careful cleaning of the plates and working in a 
vacuum system, were able to show that two plates approached with a distance of a 
fraction of a IJ. even in the presence of purified'air. The approach seemed to be 
limited only by the remaining asperities of the plates. They also showed that the 
friction down to 0. 5j.l was very small ( < 0. 5 g) but started to rise rapidly to 40g for 
a distance of 0. 36j.l. These experi~ents were cp.rried out with plates submerged in 
alcohol. This result is similar tq ·that found in the present work where the friction 
rose abruptly for films of 11J. and thinner. In other words hydrodynamic shear in the 
thicker films passes quickly over into dry friction for thinner films. A paper by 
Needs (1940) is also of interest. This author studied the frictional properties of 
oils and interpreted his results by assuming long range forces due to the solid 
interfaces of steel plates. However, this explanation is most doubtful; most of his 
results would have been due to particulate matter. 

In order to study the frictional properties of thin water effectively, dust particles 
will have to be removed completely. 
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