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SUMMARY

An apparatus has been constructed for the investigation of the
adhesive strength of ice by shear experiments.

For the system snow-ice/stainless steel, shear experiments yielded
pure adhesive breaks down to a temperature of about -13C, where a
sharp transition to cohesive breaks took place. The adhesive strength
for this system is a linear function of the temperature, and is independent
of the cross-sectional area and height of specimens in the ranges
investigated.

The system ice/polystyrene gave pure adhesive breaks on shear.
The adhesive strength was found to be a linear function of temperature
down to a temperature of -15C and independent of cross-sectional area.

Tensile experiments on the system ice/polystyrene yielded a linear
relationship between adhesive strength and temperature in a range from
-2 to -25.5C. Cross-sectional area and rate of stress application had no
effect on the adhesive strength in the ranges investigated.

The system ice/polymethylmethacrylate showed a larger adhesive
strength than the system ice/polystyrene.

The experimental results are explained by the assumption of a liquid
like layer between ice and the solid interface. The thickness and
consistency of this liquidlike layer are a function of temperature and the
nature of the solid interface. The surface tension forces and frictional
forces operative in the liquidlike layer are discussed.
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INTRODUCTION

The adhesive properties of ice have scarcely been studied experimentally from a
fundamental point of view. There are numerous papers in the literature on ice-
releasing substances, which have been investigated especially with regard to airplane
de-icing,but all this work has been done from the purely applied point of view.
Some fundamental work has been carried out on the properties of ice sandwiched
between metal plugs (Jellinek, 1957b). However, this work cannot be considered
research on adhesive properties of ice in the strict sense of the word, but is rather
concerned with the cohesive strength of ice.

Some theoretical fundamental work on the adhesion of ice has been carried out
in the Applied Science Research Laboratory of the University of Cincinnati
(Berghausen, et al. , 1953; 1955), using heat of immersion and adsorption data.
Attempts have also been made to calculate adhesive strength considering forces between
atoms and molecules (Czysak, 1954).

Another approach involves the contact angle (Jellinek, 1957a). In this case,
the work of adhesion is, either given by -

WA = yLG(l+cos0)
I

where W^ is the work of adhesion of ice and -y the free surface energy of water,
or by

WA=ire;W1+COs9)

where it is the reduction of free surface energy of the solid due to adsorbed films.

However, all these approaches to adhesion, though of intrinsic value, consider
only some of the problems concerned with adhesion. It is generally true that
substances with which water forms a large contact angle adhere less to ice than those
which show a small contact angle. However, the contact angle can only be considered
as a guide to the adhesive properties of ice. Further, it is well known that ice and
indeed all other solid substances have imperfections statistically distributed through
out their mass. Thus, the actual cohesive strength of ice is many magnitudes
smaller than the one expected from theory (Jellinek, 1957b). The same is true for
the adhesive strength. Moreover, the plastic-elastic properties of the substances
involved will also play an important role for the adhesive strength. Another
complication is caused by adsorption of gases, at the interfaces. Unless extreme
precautions are taken, adhesion between two substances does not take place between
two clean surfaces but between surfaces which have gases adsorbed. Further, if the
substance has an appreciable vapor pressure, such as ice has, this vapor will also
be adsorbed on the surface. Another complication arises due to slight solubilities in
each other of the substances involved. Last, the surface roughness down to
molecular dimensions also plays a role. Thus, it is seen that adhesive studies deal
-with a complex situation. A realistic approach to adhesion will have to start with
systematically collecting experimental data, obtained under rigid experimental
conditions. Such an experimental approach is beset from the start with great
difficulties. First, the presence of a strength distribution of imperfections necessitates
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a statistical approach; this means that a large number of tests must be performed.
Further, the extreme sensitivity of the interfaces to any small impurities causes poor
reproducibility of experimental results. This-also necessitates a large number of
tests. Thus it is seen that a study of adhesive properties is an arduous and laborious
task,'which requires rigid control of experimental conditions and persistent effort in
carrying through a large number of repetitive tests.

In the present work, a beginning has been made with a study of the adhesive
properties of ice with respect to stainless steel, polystyrene, and polymethylmeth
acrylate as a function of cross-sectional area and thickness of the ice specimen and
also of temperature. Experiments were carried out by applying forces in shear and
in tension.

EXPERIMENTAL

Materials

Stainless steel was grade 304/A with polished surface; the finishing polish was
obtained with Lapping Compound No. 38-900 A, U. S. Products Company.
Polystyrene and polymethylmethacrylate (Lucite) sheets had polished surfaces as
obtained from the manufacturers. Distilled water was passed through exchange resin
and boiled out continuously; the procedure will be described subsequently. Snow-ice
was prepared as described in a previous paper (Jellinek and Brill, 1956) . All cleaning
fluids such as methanol and benzine were of AR grade.

Apparatus

The tensile apparatus and the corresponding mounting device were the same as
described in a previous report (Jellinek, 1957b).

The shear apparatus is shown in Figures 1 and 2. It is similar to the tensile
apparatus except that the mounting apparatus and the shear apparatus are combined.
The ice is sandwiched between two metal disks or between a metal disk and a plastic
disk (1 and 2, Fig. l). The lower disk rests on a steel ring (~3, Fig. 1; 1, Fig. 2).
The steel cylinder (4, Fig. 1; 2, Fig. 2) can be adjusted vertically. The load is
applied via a Baldwin load cell (5, Fig. 1; 50 lb or 100 lb SR U-l) and a chain (6, Fig. l)
which can be moved horizontally by driving the threaded steel rod (7, Fig. l) via a
gear wheel (8, Fig. l) and worm gear (9, Fig. l) which leads to a split phase motor.
The load cell was connected to a Leeds and Northrup recorder. One revolution of the
shaft (10, Fig. l) leading from the motor to the worm gear corresponds to a
horizontal movement of the threaded rod of about 3x 10"3 cm. One of the disks used
in the experiments is shown in Figure 3. The hook is constructed in such a way that
the force is acting in line -with the surface of the disk. One of the disks is rigidly
fixed into the steel rod (11, Fig. l). The other rests on the steel ring (l, Fig. 2)
also held rigidly by a setscrew (3, Fig. 2) until the water is frozen, when this screw
is loosened. A detailed description of the procedure will be given later. The lower
disk is initially located in the cylinder with respect to the load cell so that the hook
just touches the arrest (12, Fig. 1; 4, Fig. 2). .

PROCEDURE

Tensile experiments

The mounting, carried out at -10C, was very critical, and had to be standardized
rigidly. The polystyrene and polymethylmethacrylate disks were carefully cleaned
with methanol before each test. A metal disk was fixed into the steel rod of the
vertical mounting device (see Jellinek, 1957b, Fig. l) and the plastic disk was fixed
into.the lower part. A flask with water boiling on a hot plate was always ready next
to the mounting apparatus and water was squeezed out directly (wash bottle fashion) on
to the plastic disk, forming a large drop which covered the whole surface. The drop
was left to cool for a standardized time, which had to be found by trial for each cross-
sectional area. Then the water at the edge of the plastic surface was touched with a
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Figure 2. Part of shear apparatus
(for explanation, see text) .

_. ' . _, . Figure 3. Metal or polymer disk
h igure 1. Shear apparatus (for explanation, see text). to which ice will be frozen.

pointed ice crystal; if the conditions were right, the water froze so that the
crystals traveled first across the plastic-water interface, driving air and impurities
from the interface. As quickly as possible, the stainless steel rod carrying the metal
disk was lowered to a predetermined distance; the whole assembly was left for at least
20 minutes and subsequently transferred to the tensile strength apparatus It was
noticed that the surfaces of the plastic disks became crazed and cloudy after a number
of tests; thus, not more than three tests were carried out with each plastic disk..
Shear experiments

With two stainless steel disks, only snow-ice was used. Cylinders we-re turned
at -IOC and frozen to one of the steel disks. The snow-ice cylinder was then cut to
the desired height and fixed into the stainless steel rod of the mounting device in
Figure 1 For these experiments, the screw thread (13, Fig. 1) holding the stainless
steel rod was removed and the rod held by the disk (14) . The second stainless steel
disk (Fig. 3>, being at room temperature, was then placed into the steel cylinder
(Fig 2) and fixed by the setscrew (3, Fig. 2). After a suitable time interval, the
steel rod was lowered and the snow-ice frozen to the lower plate in such a manner
that only very little water was formed. After about 20 min , the setscrew (3 Fig 2) "
was loosened and. the disk pulled by the flexible chain (6, Fig. 1) connecting the disk
with the load cell. The friction due to the ring on which the lower disk rested was
shown to be of negligible magnitude.

When a plastic disk was used, a somewhat different procedure was followed
A stainless steel disk was fixed into'the stainless steel rod and a plastic disk into the
cylinder. A drop of almost boiling water was placed on the plastic disk and seeded
as described previously. Then the stainless steel rod was screwed down to a distance
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between the two plates, previously
determined by the Starrett gage (15,
Fig. l). After about 20 min , the
setscrews holding the lower and upper
disks were loosened and the steel rod

withdrawn very slightly; then the screw
on the upper disk was tightened again.
In this case, the weight of the steel rod
•was completely taken up by the threaded
rod (13, Fig. l). After this, the plastic
disk was pulled until rupture occurred.
The plastic disks were only used a few
times because of the deterioration of

the surface, which was' cleaned with
methanol before each test,

EXPERIMENTAL RESULTS
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Shear experiments

Shear experiments for snow-ice
(density ca. 0.886 g/cm3) sandwiched
between polished steel plates were
carried out as a function of cross-

sectional area at -5C (Table I) and as
a function of temperature for constant cross
section -(Table II, Fig. 4) . The shear
apparatus was primarily designed for
systems having low adhesive strength at
one interface only. In the case of ice
sandwiched between stainless steel, both
interfaces are of-similar strength and
the break at the upper interface is somewhat favored. However, comparing the values
obtained for breaks at either interface, no noticeable difference in the strength values
could be detected, so that the additional moment at the upper interface must be small.

Some tests were also performed to ascertain the magnitude of friction between
the lower steel disk and the. steel ring on which this disk rests. For these experiments,
the snow-ice was not frozen onto the lower steel disk. Thus the ice and the steel rod
were resting on the lower disk. The average of 23 tests was 0..18 kg/cm2. These values
rarely went up to 0.3 kg/cm2 and never beyond 0,35 kg/cm2. These values are

Figure 4, Strength as .a function of
temperature for snow-ice sandwiched
between stainless steel disks, obtained by
shear. Cross-sectional area 1.54 cm2,
height 0.2 to 0.4 cm. Adhesive breaks only
down to -13C; cohesive breaks only below
-13C. Each point represents the average
of at least 12 tests.

negligible compared with the strength values and their variations.

Table I. Adhesive strength of snow-ice sandwiched between stainless steel plates
obtained from shear experiments as a function of cross-sectional area at -5C.

All breaks were purely adhesive.

Ice thickness

(cm)

Adhesive

strength
(kg/cm2)

Time of load

application
until rupture

( sec)

(a) Cross-sectional area 1.54 cm2
0.25 4.74 14

0.20 5.61 12

0.40 5.11 15

0.30 4.85 12

0.30 5.30 14

0.30 5.77 15

0.25 5.43 13

0.30 5.46 13

0.25 5.92 15

0.35 5.19 14

0.25 5.91 18

0.30 6.02 15

san ' 5.44 14.2

Standard deviation , ±0.40

Standard error of mean ±0.12

Remarks*
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Table I (cont. ) .

Adhesive Time of load
Ice thickness strength application

(cm) (kg/cm2) until rupture
(sec)

Remarks

(b) Cross-sectional area 3.14 crn2'

0.23 4.15 20 L.

0.40 5.66 24 U

0.30 5.45 21 L

0.30 4.81 23 L

0.20 5.28 21 L

0.30 5.19 22 L

0.25 4.71 21 L

• 0.30 4.30 20 L,

6.20 5.86 20 L

0.25 6.43 27 U

0.30 6.11 25 L

0.40 6.02 26 U

0.30 6.56 27 L
6.47 25 L,

Mean 5.50 23.
Standard deviation ±0.72

Standard error of mean ±0.19

I
— 1

(c) Cross-sectional area 4.91 cr n2

0.30 8.15 __ L •
0.30 3.42 -- L,
0.30 6.19 37 U
0.30 4,89 29 L
0.30 4.56 26 U
0.25 4.24 \ 27 u
0.30 5.44 24 u
0.35 5.61 28 u
0.25 5.07 24 L
0.25 6.32 34 u
0.30 4.79 26 L
0.30 5.34 27 U
0.30 4.97 25 L
0.30 5.47 30 u .

Mean 5.32 28
Standard deviation ±1.14
Standard error of mean ±0.32

(d) Cross-sectional area 6.61 en i2

0.30 5.07 34 u
0.25 5.16 45 u
0.40 5.59 40 u
0.20 5.85 55 u
0.25 5.73 45 u
0.20 5.42 41 u
0.30 5.67 45 u
0.30 5.34 45 u
0.30 5.00 42 L,
0.25 5.39 42 L
0.20 5.30 49 L,

Mean 5.41 41
Standard deviation ±0.49
Standard error of mean ±0.15

* U - break at upper interface
'• L = break at lower interface
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Table II. Adhesive and cohesive strength of snow.-ice sandwiched between stainless
steel plates obtained from shear experiments as a function of temperature at

constant cross-sectional area = 1.54 cm2. (For tests at -5C, see Table I).
Adhesive Time of load

Ice thickness strength application
(cm) (kg/cm2) until rupture

( sec)

Remarks*

(a) -1.9C

0.40' 1.89 8 U

0.25 2.'3 6 11 U

0.30 2.46 10 U

' 0.25 1.91 9 U

0.35 1.35 7 u

0.30 1.92 9 u.
0.30 2.49 11 u

0.30 2.87 11 u

0.30 2.14 10 u

0.30 2.65 10 u

0.30 2.18 9 u

0.20 1.44 6 U f

Mean 2.14 8.4

Standard deviation ±0.45

Standard error of mean ±0.13

(b) -7.8C

0.40 X 8,1 27 u

0.-35 10.4 20 u

0.35 8.4 26 u

0.25 10.8 26 u

0.25 12.9 24 u

0.30 11.9 23 L

. 0.30 9.7 27 u

0.30 10.5 25 u

0.35 10.0 27 , u

0.25 11.9 25 L

0.25 10.7 21 L

0.30 10.1 20 u

0.25 ' 10.9 25 L,

0.30 10.2 21 ' L

0.30 12.0 27 U

Mean 10.6 24

Standard deviation ± 1.24

Standard error of mean ± 0.32

(c) -10C

0.20 9.0 23 U

0.25 13.1 28 U

0.20 10.8 22 L

0.25 10.4 29 L

0.35 8.7 22 U

0.35 13.5 24 U

• 0.20 12.5 19 L

0.30 12.7; * 28 I_

0.20 10.7 25 U

0.30 10.9 . 28 U

0.30 10.1 27 L'

0.35 9.6 23 U

0.30 12.8 26 u

0.30 10.0 18 u

Mean 11.1 : 24.5

Standard deviation ± 1. 59

Standard error of mean ± 0. 43

U = break at upper interface
L, = break at lower interface
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Table II (cont. ) .

Time of load

Ice thickness

(cm)
Strength
(kg/cm2)

application
until rupture

(sec)

Remarks

-

(d) -11.7C

0.40 10.9 24 U

0.40 16.9 33 Borderline b
adhesive and

gtween

cohesive

0.35 15.2 31 U

0.35 16.1 32 Borderline
0.35 14.8 29
0.40 16.9 30

0.40 15.3 27

0.30 13.9 28

0.35 • 14.1 28

0.40 14.0 29
0.20 15.0 29
0.35 14.4 29
0.30 16.3 31

0.35 14.7 30
Mean 14.9 29.3
Standard deviation ±- 1.50
Standard error of me an ± 0.40

(e) -14C

0.40 13.1 27 U

0.20 '18.8 36 Cohesive
0.35 15.8 31 .

0.35 16.2 33

0.35 19.0 -37
0.25 20.7 35
0.25 17.0 32

0.30 14.9 30
0.40 , 14.3 32 U

0.30 16.3 30 U

0.30 16.0 30 Cohesive
0.20 18.3 34 M

0.30 16.0 33 ii

Mean 16.6 32.3
Standard deviation ± 2.2

Standard error of me an ± 0.65

(f) -20C

0.30 14.4 30 Cohesive
0.30 16.3 30 ii

0.30 15.9 32 ii

0.30 17.7 31 ii

0.30 15.5 28 ii

0.35 16.4 31 ii

0.30 14.4 28 ii

0.20 15.9 38 ii

0.35 13.3 24. ii

0.30 18.3 33 ii

0.25 17.0 35 ii

0.25 18.7 40 ii

0.30 19.4 35 L, •

Mean" 16.4 31

Standard deviation ± 1.8

Standard error of mejin ± 0.50

(g) -34.3C

0.30 15.5 30 Cohesive
0.35 15.2 36 U
0.25 17.2 39 L

0.30 18.6 31 Cohesive
0.20 16.7 27 ii

0.30 14.6 29 M

0.30 17.1 30 ii

0.30 15.8 30 ii

0.30 14.1 26 U
0.35 16.8 30 Cohesive
0.30 15.3 29 ii ^
0.30 15.2 31 ii """"

Mean 16.0 30.6
Standard deviation ± 1.28
Standard error of me an ±0.37
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As can be seen from Table I the adhesive strength of ice/stainless steel is
independent of the c ross-sectional area of the specimens. -It is also not dependent on
the thickness of the ice in the range of variation in thickness encountered in these
experiments.

The adhesive strength of ice/stainless steel as a function of temperature (Table II)
rises linearly with decreasing temperature as is apparent from Figure 4. It shows a
very abrupt change from adhesive breaks, to cohesive breaks in the neighborhood of
-13C. Below this temperature practically all breaks are cohesive and show only.a
very slight decrease with temperature. The adhesive branch of the curve in Figure 4
can be represented by the equation:

A
•1.24 t - 0.18 kg/cm2

where S is the average adhesive strength and t_ the temperature in degrees centigrade,

The magnitude of the cohesive strength is similar to that of the cohesive breaks
by tension, reported in a previous paper (Jellinek, 1957b). For instance, the tensile
strength of snow-ice of height 0.5 cm was found at -4.5C to be 15.5 kg/cm2 at a stress
rate of 0.64 kg/cm2-sec,- which is of slightly smaller magnitude than the cohesive
strength values found by shear. It should be remarked that the stress rate for each
test was approximately constant. The
stress rates can be obtained by dividing
the average strength by the time of load
application as given in the tables. The
average stress rate for the shear
experiments at -14, -20, and -34.3C was
0.52 kg/cm2-sec. The cohesive breaks
are actually of similar shape to the most
frequent type obtained previously under
tension (see Jellinek, 1957b, Fig. 4A) .

Shear experiments were also carried
out with ice frozen to polystyrene disks.
Table III shows the results obtained at
-8.5C for two different cross-sectional

areas. The results show that the cross-
sectional area in this range has no
influence on the adhesive strength.
Table IV gives some shear data on the
adhesive strength of ice /polystyrene as a
function of temperature at constant cross

- section. The data, plotted in Figure 5,
can be expressed by the equation:

S. = -2.8x 10~2 t kg/cm2.

0.50

TEMPERATURE (C)

Figure 5. Adhesive strength of ice/
polystyrene as a function of tempera
ture, obtained by shear. Cross-
sectional area 9.61 cm2, height 7.6 x
10~2 cm. Each point represents the
average of at least 12 tests.

These experiments also showed an approximately constant rate of stress application.

Tensile experiments

Tensile experiments were carried out with ice frozen to polystyrene and
polymethylmethacrylate (Lucite).

The data for two different cross-sectional areas for polystyrene obtained at -5C
are shown in Table V. Apparently, the cross-sectional areas have little influence in
this range of areas.
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Table III Adhesive strength of ice/polystyrene obtained from shear experiments
at -8 5C for different cross-sectional areas. Allbreaks werepurelyadhesive.

Thickness 7.6 x lQ-2cm. Rate of stress application ca. 0.03kg/cm<-sec.

(a) Cross-sectional area 3.14 cm
Adhesive

strength
(kg/cm2)

0.29
0.33

0.16
0.23

0.14

0.17

0.27

0.19
0.12

0.18

0.14

0.16
0.23

0.15

0.22

0.15

0.20Mean

Standard deviation ±0.072
Standard error

of mean
±0.018

(b) Cross-sectional area 9.61 cm2
Adhesive

strength
(kg/cm2)

Mean

Standard

deviation

Standard error

of mean

0.20

0.36
0.13

0.20

0.30

0.27

0.26
0.13

0.H

0.37

0.21

0.24

0.19
0.23

±0.082

±0.023

Table IV. Adhesive strength of ice/polystyrene obtained from shear experiments
as a function of temperature at constant cross-sectional area 9.61 cm2;height

7.6x 10-2cm. (for tests at -8.5C, see Table.III). Allbreaks are purely adhesive.

(a) -5C. Rate of stress application:
0.02 kg/cm2-sec

Adhesive

strength
(kg/cm2)

0.20

0.08

0.09
0.14

0.08

0.09
0.16

0.09
0.14

0.11

0.08

0.23

0.23

Mean 0.13

Standard
±0.057

deviation

Standard

error of ±0.016

mean

[b) -15C. Rate of stress application:
0.05 kg/cm2-sec

Adhesive

strength
(kg/cm2)

0.48

0.46
0.36
0.35

0.40

0.37

0.45
0.57

0.40

0.49

0.37

0.51 '
0.43

±0.07

±0.02

Mean

Standard

deviation

Standard error

of mean
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Table V. Adhesive strength of ice/polystyrene obtained from tensile
experiments at -5C for two different cross-sectional areas. Height of specimens 0.1 cm.

Adhesive

strength
(kg/cm2)

Time of load

application
until rupture

( sec)

Remarks

(a) Cross -sectional area 1.54 cm2

1.7 3 Adhesive

9.2 11 Adhesive

1.2 5 Adhesive

0.9 3 Adhesive'

1.5 - Adhesive

5.0 6 Borderline

(adhesive-cohesive)
2.8 6 Adhesive

1.7 " 4 Adhesive

9.4 11 Borderline

3.9 5 Borderline

3.3 8 Adhesive

2.5 5 Adhesive

1.1 4 Adhesive

1.3 3 Adhesive

• Total mean 3.3 6

Mean for adhesive b reaks only 2.5

Standard deviation ±2.4

Standard error of mean ±0.7

(b) Cross -sect lonal area 3.14 cm2

' 2.0 7 Adhesive

2.2 ^ 10 Adhesive

2.3 8 Adhesive

2.1 8 Adhesive

1.9 6 Adhesive

2.3 6 Adhesive

2.0 9 Adh.es.ive

1.9 9 Adhesive

2.2 10 Adhesive

2.2 10 Adhesive

1.9 6 Adhesive

Mean 2.1 8

Standard deviation ±0.16

Standard error of mean ±0.05

The strength was also investigated as a function of temperature keeping the cross
section constant. The data are given in Table VI.

The mean adhesive values are plotted against temperature in Figure 6, and the
best straight line obtained by the least square method has been drawn through them.
(The point for -18C contains also the borderline cases). The straight line is given
by:

A
•0.137 t + 1.81 kg/cm2

It has also to be pointed out that the atmospheric pressure should be subtracted
from the tensile values, for in the experiments under tension the air pressure has to



ADHESIVE PROPERTIES OF ICE

Table VI. Adhesive strength of ice/polystyrene obtained from tensile
experiments as a function of temperature. Area 1.54 cm2, height 0.10 cm

'for tests at -5C, see Table V) . Rate of stress application ca. 0.5 kg/cm2 - sec)

Adhesive

strength
(kg/cm2)

(a) -2C

Total mean

Mean for adhesive

breaks only
Standard deviation

Standard error of

mean

±1

±0

4

4

1

9
7

.4

_5
.8

.4

.9

.56

(c) •18C

Total mean

Mean of adhesive

and borderline

cases

Standard deviation

Standard error

of mean

4.7

±1.94

±0.69

Remarks

Borde

Adhes

Adhes

Cohes

Adhes

Adhes

Adhes

Adhes

Adhes

Adhes

Adhes

Adhes

Borde

Adhes

rline

ive

ive

ive .

ive

ive

ive

ive

ive

ive

ive

ive

rline

ive

Borderline

Cohesive

Borderline

(more adhesive

C ohesive

Cohesive

Adhesive

Cohesive

Adhesive

strength
(kg/cm2)

Remarks

(b) -IOC

Mean

Standard deviatio

Standard error

of mean

[d) -25.5C

Total mean

Mean for adhesive

breaks only
Standard deviation

Standard error

of mean

2.5

4.8

4.3

6.0
2.6

6.2

1.9
2.6
3.3

1.7

1.4

3.5

3.4

n ±1.6

±0.46

Adhesive

Adhesive

Adhesive

Adhesive

Adhesive

Adhesive

Adhesive

Adhesive

Adhesive

Adhesive

Adhesive

Adhesive

11 4 Cohesive

3 6 Adhesive

15 9 Cohesive

2 6 Adhesive

11 8 Cohesive

3 8 Adhesive

2 6 Borderline

3 6 Adhesive

4 0 Adhesive

10 9 Adhesive

12 5 Adhesive

9 1 Adhesive

8 8 Borderline

9 4 Borderline

6 9 Adhesive

20 3 Cohesive

10 6

6 3

±3 7

±1.3

Table VII. Adhesive strength of ice/polystyrene obtained from tensile experiments as
a function of rate of stress application. Cross-sectional area = 1.54 cm2,

height 0.1 cm. (For rate of stress application 0.55 kg/cm2-sec, see Table Va) .

(a) ca. 0.3 kg/cm2-sec (90 rpm) (b) ca. 1.0 kg/cm2-sec

Adhesive Adhesive

strength Remarks strength Remarks

(kg/cm2) (kg/cm2)

2.1 Adhesive 2.4 Adhesive

2.0 Adhesive 2.5 Adhesive

1.7 Adhesive 1.7 Adhesive

/ 2.2 Adhesive 1.4 Adhesive

1.7 Adhesive 2.5 Adhesive

2.5 Adhesive 2.2 Adhesive

1.5 Adhesive 1.8 Adhesive

1.6 Adhesive 2.9 Adhesive

2.2 Adhesive 1.5 Adhesive

1.3 Adhesive 10.9 Cohesive

1.9 Adhesive 12.9 Cohesive

1.8 Adhesive 1.7 Adhesive

Mean 1.9 Total mean 3.7

Standard deviation ±0.34 Mean for adhesive

Standard error of breaks only 2.1
mean ±0.1 Standard deviation ±0.5

Standard error of

mean ±0.16

11
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-10 -20

TEMPERATURE (C)

30

Figure 6. Adhesive strength of ice/
polystyrene as a function of temperature,
obtained by tension. Cross-sectional area
1.54 cm2, height 0.1 cm. Each point rep
resents the average of at least 12 tests.

Figure 7. Photograph under polarized
light of ice disk after adhesive break
from polymethylmethacrylate.
Diam 1 cm, original height 0.1 cm.

be overcome. For the tensile experiments also, the rate of stress application was
found to be approximately constant.

A number of experiments on the system ice/polystyrene were carried out at
different rates of stress application (different speeds of motor). The results, listed
in Table VII, show that the rate of stress application in the range investigated has no
effect on the adhesive strength.

A number of experiments have also been carried out on the adhesion of ice to
polymethylmethacrylate. These data are given in Table VIII. These data indicate
that the adhesive strength of ice/polymethylmethac rylate is appreciably larger than
the adhesive strength of ice/polystyrene. Figure 7 shows an ice disk photographed
under polarized light after the adhesive break from polymethylmethacrylate.

Table VIII. Adhesive strength of. ice/polymethylmethacrylate (Lucite) obtained from
tensile experiments at -5C. Cross-sectional area 0.785 cm2, height 0.1 cm.

Rate of stress application ca. 1.1 kg/cm2-sec.

Adhesive Adhesive •
strength
(kg/cm2)

Remarks strength Remarks

(kg/cm2)
3.9 Adhesive 6.0 Borderline
1.7 Adhesive 4.7 Adhesive
1.9 Adhesive 1.7 Adhesive
1.8 Adhesive 2.1 Adhesive •
3.6 Adhesive 2.9 Adhesive
4.0 Adhesive 9.8 Adhesive
1.7 Adhesive 2.9 Adhesive

' 7.6 Adhesive 4.1 Borderline
1.7. Adhesive 1.4 Adhesive
9.7 Adhesive 2.3 Borderline
7.7 Adhesive 2.4 Borderline

10.1 Adhesive 11.7 Borderline

Total mean 4.5
Mean for adhesive breaks only 4.3
Standard deviation ±2.9
Standard error or mean ±0.68
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DISCUSSION

The shear experiments where snow-ice was sandwiched between two stainless
steel plates will be discussed first. These experiments bring out three remarkable
characteristics: First, the adhesive strength is independent of cross-sectional area;
second, the adhesive strength is independent of the thickness of the ice layer (only
a small range has been investigated) ; and third, adhesive strength is a linear function
of the temperature until it becomes larger than the cohesive strength of ice at about
-13C, where a very sharp transition from adhesive to cohesive breaks takes place.

The only experiments which are of
interest in this connection are those
described in a Progress Report to the
National Academy of Sciences
(Hunsaker ejtal. , 1940). Their
experiments on the adhesive strength
of ice/brass as a function of temperature
show a striking similarity to the results
obtained here with stainless steel.
Figure 8 shows a series of results. The
transition point from adhesive to
cohesive breaks was found,by these
investigators to be about -12C whereas
the one found in the present work lies
at about -13C. These authors also
found an approximate correlation between
the adhesive strength and the contact
angles of water with various substances
used.

Similarly, as in the case of tensile
strength (cohesive strength) of ice
(Jellinek, 1957b), the experimental
adhesive strength is several magnitudes
smaller than expected from theory.
Czyzak (1954) has calculated the
adhesive strength of water adhering to
iron by a classical and a quantum-
mechanical method. The classical
adhesive strength at 300K was calculated
as 13050 kg/cm2 and the quantum-
mechanical one as 6770 kg/cm2. More
over this strength should be almost
independent of temperature. The
experimental adhesive strength at 268K
was found in the present work to be about
6 kg/cm2. In a previous paper (Jellinek,
1957b) , the author accounted for this discrepancy by the assumption of imperfections
randomly distributed in the ice; these imperfections were assumed to have a definite
strength distribution. The effect of such imperfections on the average tensile strength
as a function of cross-sectional area and volume was elaborated. The average
experimental tensile strength as a function of these geometrical parameters was given
by:

S = 2.74AV"0-84 + 9.4 kg/cm2

-10 -20

TEMPERATURE (C)

Figure 8. Strength as a function of
temperature for ice/brass

(From Hunsaker et al, 1940).

where A is the cross-sectional area and V the volume of the ice disks. The tensile
strength increases very rapidly as the height of the ice disks decreases. Two cases
can be distinguished. First: as soon as the strength of the weakest imperfection of
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the specimen is reached, rupture of the specimen takes place. For such a case, the
average tensile strength should be a function of the volume of the specimens only.
Second, when the strength of the weakest imperfection in the specimen is reached, a
crack of a definite average length is produced, then the next weakest imperfection
opens up until in cascade fashion the specimen is ruptured. In this second case, the
average tensile strength will depend not only on the volume but also on the cross-
sectional area. The statistical calculations for this case resulted in the equation:

- x/3 -1/0S=kA/pV/p+C (1)

where S is the average tensile strength;^ , (3,' and C_ are constants; A is the cross-
sectional area; and _V the volume of the specimen.

To account for the low experimental adhesive strength obtained in shear for ice/
stainless steel, it could also be assumed in this case that the strength is conditioned
by imperfections in the interface or imperfections in a thin layer adjacent to the
interface.

Here again two cases, which correspond to those for cohesive breaks, can be
distinguished. If adhesive rupture takes place when the strength of the weakest -
imperfection is reached, the adhesive strength - using a Weibull strength distrib.ution
for the imperfections (Jellinek, 1957b) - is given by:

SA =r(1/P *,/) ^A-'^ +C (2)
A (kAa) /P

where S. is the average adhesive strength, a, (3, k, _k1? and C are constants and A
is the cross-sectional area of the specimen. (For the-derivation of the corresponding
equation for the tensile strength, see Jellinek, 1957b).

In the second case, the interfacial area is subdivideds into regions of small area
Ai, each area having _r imperfections. For tensile strength, the specimens were
subdivided into parallel rods of cross-sectional area Aj each, the number r of
imperfections being given by r = kL where k is a constant and L_ the length of each
rod. The equation obtained for the tensile strength for a large number of parallel
rods is:

r,n ,~7p nAx ^

where _r is the number of imperfections in one rod; n the number of rods; Ai the
cross-sectional area of one rod; and a, (3, and c are constants.

For adhesive breaks, the third dimension, that is the length of the rods, always
remains constant, hence _r = constant. Thus equation (3) becomes for this case:

S = constant. ' (4)
r, n v '

The adhesive strength should therefore be independent of the cross-sectional area.

This was found to be true for the results obtained from the shear experiments
where ice was sandwiched between stainless steel and also for'the experiments where
one plate was made of polymers. However, the range' of cross-sectional areas
investigated was probably not extended to small enough areas to test equation (4) .
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•" Although the assumption of imperfections in or near the interface explains the
low experimental adhesive strength as compared with the theoretically expected one,
it fails completely to account for the marked difference found in the behavior of the
ice disks in tension arid shear. If the ice adheres directly to the stainless steel,there
is no apparent reason at all why the adhesive bond should be so small in the case of
shear and so large in tension. The adhesive strength at -5C was about 6 kg/cm2
in shear; in tension, if the ice disk was thin enough, 70 kg/cm2 could be applied
without obtaining an adhesive break, and there is no reason why still a larger stress
could not be applied if the ice disk is made still thinner.

This contradictory behavior under shear and tension can however be reconciled
if the assumption is made that a liquidlike layer, an amorphous layer, with
properties somewhere intermediate between ice and water is situated in the interface.

The suggestion that a liquidlike layer exists on ice in the neighborhood of the
melting point is not new. Faraday (1859; I860) suggested such a theory in 1850 to
explain the phenomenon of regelation. Tyndall (1 858) supported Faraday's idea -\
(see also Dorsey, 1940, p. 412). This assumption was attacked by J. Thomson (1859;
1861) and W. Thomson (Lord Kelvin) (1858), who put forward the idea of pressure
melting. However, very large pressures are needed to depress the melting point of
ice (e. g. , under 590 atm the melting point of ice is -5C) and this theory does not
seem to be tenable. In this connection,Bowden's and Tabor's (1950) discussion of a
liquid layer on ice produced by friction is of interest (see also Bowden, 1957) .
More recently, Weyl (1951) assumed a liquidlike layer on ice. Due to the low
polarizability of hydrogen, an orientation takes place in the surface such that the
negative oxygen atoms of the water molecules are uppermost in the surface. In this
way a minimum surface energy is attained, according to Weyl. He assumes a
liquidlike electric double layer on the surface which gradually passes over into solid
ice. He assumed such a liquidlike layer to be several hundred molecules thick near
the melting point, decreasing with temperature. Nakaya and Matsumoto (1953)
carried out experiments on the cohesion of ice spheres and found quite frequently
that the spheres rotated before separating, which is a good indication of liquid layers
on the ice spheres. Similar experiments in a more quantitative way were carried
out by Jensen (1956). He investigated the cohesion of ice spheres, just touching
each other, as a function of the humidity of the atmosphere and of the temperature.
In a dry atmosphere, the cohesion decreased rapidly, reaching zero at about -3C-, in
a saturated atmosphere, weak cohesion was still noticeable at -25C. All these
observations support the assumption of a liquidlike layer on the surface of ice.
Hori (1956) carried out interesting experiments on the freezing and evaporation of
thin water films. It was, for instance, ascertained that a film 1.3 u. thick placed
between glass plates (one was flat, the other convex) did not freeze even when kept
at -96C for several hours. Observations also indicated, though not with certainty,
that if the periphery of the film was seeded and crystallized, the somewhat thinner
interior, about 1 \x thick, did not seem to crystallize. Observations concerning the
vapor pressure of water in the form of thin films between quartz plates are also of
interest. Films of 1 p. or more thickness show almost the same vapor pressure as
that of bulk water. However, below this thickness the vapor pressure decreases and,
as far as could be ascertained, films of 90 mu. thickness showed zero vapor pressure
over a range of temperatures. This drop in vapor pressure is far in excess of that
calculated for concave surfaces. The observations for glass plates differed
quantitatively from those for quartz plates. Above 400 mfj., the vapor pressure did
not differ from that of the bulk water. Below 400 mu., the pressure dropped rapidly,
becoming zero for a thickness of about 140 mu,.

On the basis of these observations it is not unreasonable ,to assume that ice has
a liquidlike layer on its surface not only when in contact witrTair, but also when it is
in contact with other substances, such as steel and polymers. The properties of such
a film will be influenced by the nature of the solid surface. Thus, it is not to be
expected that the consistency and thickness of the liquidlike layer is the same in
contact with metal and various polymers.
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The results for shear and tensile experiments of assuming a liquidlike layer in
the interface will now be considered. Such a discussion must be semi-quantitative
at best, as practically nothing is known quantitatively of the viscosity, thickness, and
other properties of such films. In the case-of shear, the liquidlike layer will be
assumed to be aNewtonian liquid as a first approximation. For such a film between
two parallel plates of which one is stationary and the other moves with a'velocity_v
at time t_, a relationship is valid as follows:

T]V.

cr,. -
L

(5]

where cr is the shear stress at time t_; -n the effective viscosity coefficient and L the
thickness of the liquidlike layer; and_ytthe velocity of the metal plate at time t.
As the adhesive strength was found to be independent of the cross-sectional area,
boundary effects do not seem to be important. In equation (5) r], L_, and_vt are not
known experimentally; only the breaking stress and total deformation velocity are
known, the latter given by the movement of the threaded steel rod. For a more
detailed investigation, the deformation rate of the disk should be kept constant and
measured directly; then the ratio rj/L would be known. In the present instance, the
total deformation rate was always 9xl0-3 cm/sec. However, this total deformation
velocity is shared between the test sample and the chain connecting the sample to the
load cell. It was shown in the previous paper (Jellinek, 1957b) that practically all
the deformation takes place in the chain. Thus,the system can be considered to be
composed of a dashpot and spring in series (Maxwell unit), whose total rate of
deformation is constant; hence:

c =_L +ii __1 (6)
C tittR2 + E dt K}

where c_ is the constant total deformation rate; _Ft is the load at time _t_, r\ the
viscosity coefficient and L the thickness of the liquidlike layer; _i2 the length and
E the Young's modulus of the chain; and R the radius of the specimen, Equation (6)
can be rewritten as:

F FtL ' ,dFt/dt=- (c-^), (7)

Actually, the rate of stress application was found to be nearly constant. This means
that the second term in the parentheses of equation (7)- should be small compared
with the first one. An upper limit of L/r| can thus be estimated from equation (7) .
At -5C, for instance, the adhesive strength for ice/steel was found to be
5.5 kg/cm2 = 5.5 x 106 dyne/cm2 and c = 9 x 10~3 cm/sec, hence:

FtL _ °-tL
-nTrR2 . r\ fc

should not be larger than about 1 x 10~3 cm/sec. This gives:

L/r| = 1.8 x 10"i°cm3/dyne-sec.
GPO 8066O5—3



ADHESIVE PROPERTIES OF ICE

According to Weyl (1951), the liquidlike layer should be several hundred
molecules thick. If one puts L = 10~6 cm, then r\ - 5 x 103 poises. Such a viscosity
coefficient can only be considered an effective viscosity over the whole layer, since
a continuous transition from solid ice to waterlike substance must be assumed.
It may be emphasized that the quantities calculated in this way are only reasonable
guesses. However, the fact that reasonable orders of magnitude are obtained at all
can be considered as support for the assumption of a liquidlike layer. It may be
remarked here that the viscosity of supercooled water at--5C is 2.1 x 10-2 poises
and that of polycrystalline ice is ca. 1014 poises (Jellinek and Brill, 1956).

It is not unlikely that the decrease in the thickness of the liquidlike layer with
temperature is the main factor in the strength-temperature relationship.
The magnitude of the adhesive strength will still be conditioned by imperfections
in the liquidlike film. It is not unlikely that the number of imperfections will also
be a function of the thickness of this layer.

The large difference in the adhesive
strength for the tensile and shear experi
ments can now be accounted for readily,
assuming a liquidlike layer between the
ice and the stainless steel plates.
Surface tension forces will be considered
first. The situation is shown in Figure 9.
The two solid phases are bound together
by surface tension forces. There is a
pressure difference at any point across
a curved surface which is given by:

LIQUIDLIKE LAYER

STEEL

ap =y(t +h ) (8)

""t

where Ap is the pressure difference

17

%cr°s* theJurf*ce' V^ SuU1*faCe tenSi°n Fi§Ure 9" Liquidlike layer between ice andof the liquid and r, and ^ the principal solid material (metal or poiymer) .
radii oi curvature. In the present case '
the contact angles (for a definition of
contact angle see Jellinek, 1957a)
between ice, steel, and the liquidlike layer are zero; hence the first principal radius
of curvature is rx = L/2, where L is the thickness of the layer. The second principal
radius of curvature is r2 = R where R is the radius of the specimen. 1/R is negligible
compared with 2/L, hence equation (8) reduces to:

P =
Zv_
L (91

Equation (9) means that the pressure holding the system together is 2y/L.
An upper estimate of the thickness of L can be obtained easily. It was found previously
(Jellinek, 1957b), when the cohesive strength of ice was investigated as a function
of ice thickness, that the thinnest ice specimen, 2.5 x 10"2 cm thick, showed a purely
cohesive break with strength of 70 kg/cm2 at -5C. Hence, the adhesive strength
under tension must be at least 70 kg/cm2, probably appreciably higher. Taking
Ap = 7 x 107 dyne/cm2 and y = 76.4 dyne/cm, which is the surface tension of water
at -5C, one obtains an upper estimate for L of 2 x 10~6 cm. Hence, an ice cylinder
of several millimeters height, as used in these experiments will break in cohesion
long before the surface tension forces are overcome, A paper by McFarlane and
Tabor (1950) is of interest in this connection, as well as Chapter XV, "Adhesion
between solid surfaces: the influence of liquid films", in Bowden and Tabor (1950).

t
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The influence of the viscosity on the strength of thin films between solid surfaces
must also be discussed briefly. It has been calculated (DeBruyne, 1951), that the
force necessary to separate two parallel plates held together by a liquid film is
inversely proportional to the time of separation due to frictional forces; in this instance
the surface tension forces are not considered. The relationship is as follows:

SrprR4 1 i (1Q)
* t 8t *• L2 h2 ; • v '

Here again the liquid is assumed to be Newtonian. Ft is the force at time t_, rj the
viscosity, L the thickness of the liquidlike layer, h the separation of the plates at
time t, and"R the initial radius of the specimen. At complete separation, the
equation reduces to:

_ _ 3T1TTR4
Ft -~8tI7~ (11)

For R = 0.7 cm, r\ = 5 x 103 poises and L = 10~6 cm, the values used for the previous
calculations, the force

F = 5 x 1013TrR2/t dynes/cm2

is obtained. This means that an enormous stress is required to separate the plates
for separation times of the order of 10 to 20 sec. Here again the ice will break in
cohesion long before these final stresses are reached.

The experimental results obtained with polystyrene and polymethylmethacrylate
can also be accounted for on the basis of a liquidlike layer in the interface. As
already pointed out, the thickness and consistency of this layer will depend also on
the nature of the solid phase. In the case of the shear experiments with polystyrene,
an adhesive strength of about 0.13 kg/cm2 was found at -5C. Again using
vt = 1 x 10"3 cm/sec, the ratio L/r| becomes 7.7 x 10~9 cm3/dyne-sec. Taking again
•n = 5 x 103 poises, which is probably not permissible, L becomes 3.9 x 10~5 cm.
Here again the magnitude of the adhesive strength is conditioned by the chemical
nature of the surface itself and imperfections.

The case of tension is more complicated. Considering surface tension,alone,
for a liquid layer which forms a finite contact angle Q with the solid phases,

2v cos 6 • /io\Ap =-^ . (13)

Hence,for 9 - 90°, Ap becomes zero; for larger angles Ap becomes negative and
repulsion takes place. The present case is more complicated as one of the solid
phases (ice) is completely wetted by the liquid,whereas the other (polystyrene, etc.)
has a finite contact angle. Thus equation (13) has to be modified.

The following situation will arise for a system which has negligible viscosity.
A constant deformation rate will be assumed. At the start the system is under
compression. As soon as a force is applied, the compression will be relieved
accordingly and the liquid will expand elastically. As soon as the surface tension
forces are equalized, the system will start to come under tensile stress and the
liquid will expand by flow while the surface tension forces decrease. This expansion
will be a very rapid process and the tensile stress will be small. If the adhesive
strength is not too small, the separation of the system will take place in the liquid.
Hence,the rupture strength as measured will be given by the pressure with which the
plate is pressed onto the ice disk by surface tension.
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On the other hand, if the viscosity of the liquid is appreciable, the process takes
place in the following manner. Again no tensile stress will be exerted until the
surface tension force is matched. When this has been achieved, tensile stress will be
built up rapidly due to frictional forces according to equation (10). If the adhesive
strength is smaller than the surface tension force, rupture will occur at the interface
very soOn after the surface tension force has been matched. However, the stress
measured at the instant of rupture will still have an appreciable surface tension
component and will not be equal to the adhesive strength. The magnitude of the
adhesive strength will still be governed by the natu1re of the solid surface and
impe rfections.

If the adhesive strength is large compared with the surface tension forces, the
stress measured at the instant of rupture will be a direct measure of the adhesive
strength. In this case the adhesive strength measured should be independent to a
large extent of the rate of deformation, as the rupture will take place as soon as a
stress equal to the adhesive strength is reached, though the magnitude of strain at
rupture will depend on the rate of deformation. The experiments reported in Table VII,
where the rate of deformation was changed, fit this;case, as the adhesive strength was
found to be independent of the rate of deformation. This also explains the high
adhesive strength found with polymethylmethacrylate as compared withpolystyrene.
This substance shows some polarity and should therefore adhere to ice or water better
than polystyrene. Interesting experiments in this connection were performed by
McFarlane and Tabor (1950) on castor oil. There will, of course, be transition
cases between the two extremes. The surface tension forces can, in principle, be
eliminated by immersing the system in a liquid which has zero interfacial tension
with ice or water.

Further, if the liquidlike layer is assumed to be a diffuse double layer, electrical
effects should also be operative in the interface. There are indications that this is
the case (Sellerio, 1933).

Though only a qualitative picture of the processes involved has been given here,
it is believed that the assumption of a liquidlike layer is necessary for an
understanding of the experimental results.
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