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CORROSION EFFECT ON THE ADHESIVE
STRENGTH OF A CONTACT BETWEEN A HARD
INDENTER AND A SOFT ELASTOMER:
AN EXPERIMENTAL STUDY

The influence of the duration of a contact between a steel indenter susceptible to the corro-
sion and a water-containing gelatin-based elastomer on the contact adhesive strength has been
studied. It is shown that the growth in the contact duration leads to the substantial contact
strengthening. As a result, the contact becomes so strong that the pulling of the indenter out
of the elastomer causes the destruction of the elastomer surface.
K e yw o r d s: corrosion, elastomer, adhesive strength, indentation, quasi-static contact.

1. Introduction

A domain in mechanics dealing with the study of con-
tact processes has been actively developed in recent
decades. Although the most famous classic work in
this direction [1] was published more than 140 years
ago, a strong impetus to the development of the me-
chanics of contact interactions has been gained just
recently. This occurred due to the emergence of fun-
damentally new methods of numerical analysis and
the growth in the power of modern computing fa-
cilities, as well as the improvement of experimental
research methods. Modern universal numerical meth-
ods used for simulating the contact processes include
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the finite-element method [2], the boundary-element
method [3, 4], the method of movable cellular au-
tomata [5], and the molecular dynamics methods [6].

Note that the boundary-element method was mod-
ified in [7, 8] to calculate contact problems making
allowance for the adhesion. Despite that the adhesive
contact has been studied for several decades (starting
from fundamental works [9–11]), there still remain a
lot of unsolved issues in this area, which induce a
lively discussion in leading scientific groups. For ex-
ample, not fully understood are the mechanisms of
adhesive interaction between rough surfaces [12–14],
the influence of the adhesion on the friction force
at the motion in tangential contacts [15, 16], and
so forth.

In the previous work [8], an experimental setup was
described and was used to perform a number of exper-
iments aimed at studying the detachment processes of
flat surfaces of various geometric shapes from the elas-
tomer surface with high adhesion. As the elastomer,
the solidified aqueous solution of gelatin was applied.
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Fig. 1. Appearance of experimental setup (see also [14, 17]).
The labeled elements are described in the text

In what follows, we call the experimental gelatin spec-
imen the elastomer, because it has typical elastomer
properties, in particular, a capability to sustain large
deformations in the practically complete absence of
volume compression). In work [8], the detachment of
indenters with flat bases from gelatin was consid-
ered. In this paper, we describe experiments with the
indentation of spherical and cylindrical indenters into
gelatin, as well as the influence of the contact dura-
tion on the adhesion force. The main distinction of
the proposed research from the earlier studies consists
in that the indenter contacting with gelatin (which is
mostly composed of water) was made of a corrod-
ing steel. In this case, corrosion processes consider-
ably affect the adhesive properties of the contact. The
main goal of the proposed work is to study the influ-
ence of the corrosion on the adhesion strength of the
contact.

2. Experimental Technique

In Fig. 1, a photo of the device developed to
study adhesion processes is exhibited. Here, labels 1
and 2 denote the directional movement drives PI M-
403.2DG (they were controlled by PI C-863 con-

trollers 6 and 7 ). Label 3 marks a triaxial force
sensor ME K3D40. A four-channel amplifier GSV-
1A4 SubD37/2 was used to amplify the electrical sig-
nal given by the sensor, and a 16-bit ADC NI USB-
6211 to transmit the amplified signal to a com-
puter. A steel indenter was attached to the force
sensor; in the experiment, it was immersed into
elastomer 4 (the solidified aqueous solution of
gelatin). The elastomer surface could be fixed at var-
ious angles in two directions with the help of tilting
mechanism 5. The evolution of the contact area was
monitored with the help of a video camera mounted
at position 8. The described installation allowed inde-
pendent movements of the indenter to be performed
in both the normal and tangential directions, which
made it possible to carry out comprehensive studies of
adhesive contacts (a more detailed description of the
equipment capabilities was given in the recent work
[17]). In the presented work, we describe experiments
aimed at studying normal contacts.

Similarly to works [8, 18], jelly as a medium with
adhesive properties was used in all experiments de-
scribed here. The jelly mass was obtained by so-
lidifying ordinary nutrient gelatin fabricated by the
Dr. Oeteker company (Germany). The solution was
prepared by diluting 4 gelatin bags of 9 g each in
1 liter of water. At this concentration, the produced
jelly remained in a stable solid state at room tem-
perature (about 24 ∘C). The jelly was poured into
a rectangular plexiglass container 150×150×40 mm3

in dimensions (40 mm was the layer thickness). The
resulting volume of the solution was 900 ml.

After the gelatin had solidified, a steel indenter
whose surface had been preliminarily polished to a
mirror state was brought into contact with it. Then
the indentation process took place followed by the
indenter detachment.

3. Corrosion Effect on Adhesive Strength

For the initial test, a cylindrical indenter with the
base radius 𝑎 = 5 mm and made of a stainless steel
was used. The corresponding experimental results are
shown in Fig. 2. The indenter was brought into con-
tact with the elastomer surface. Then it was indented
to the depth 𝑑 ≈ 2 mm at the constant velocity
𝑣 = 0.01 mm/s. Afterward, it was moved in the op-
posite direction until the contact completely disap-
peared. It follows from Fig. 2 that, within the interval
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Fig. 2. Dependences of the normal force 𝐹 on the indentation depth 𝑑 for the indentation of
a cylindrical stainless steel indenter with the radius 𝑎 = 5 mm into elastomer. Photos 1–4 on
the right demonstrate the contact area at the stage of its destruction; the available contact
is colored black

of positive indentation depths, the dependence 𝐹 (𝑑)
is close to linear.

Using the definition of the incremental contact stiff-
ness 𝑘 = d𝐹/d(𝑑), we can find the contact stiffness
value 𝑘 ≈ 64 N/m. On the other hand, in the case
where a rigid indenter is in contact with an elastic
half-space, the stiffness 𝑘 can be determined using
the formula [19]

𝑘 = 2𝐸*𝑎, (1)

where 𝐸* is the reduced elastic modulus of the elas-
tomer. The elastomer that was used in our experi-
ments can be considered with a sufficient accuracy as
occupying the half-space, because its thickness ℎ =
= 40 mm substantially exceeded both the contact ra-
dius 𝑎 = 5 mm and the indentation depth 𝑑 < 2 mm.
Since the values of 𝑘 and 𝑎 are known from the exper-
iment, expression (1) leads to the value of the reduced
elastic modulus of the elastomer 𝐸* = 6.4 kPa. The
critical value of the indentation depth (𝑑𝑐, this is the
distance between the surfaces of the indenter and the
elastomer at which the contact completely collapses)
is determined by the known formula [19]

𝑑𝑐 = −
√︂

2𝜋𝑎𝛾12
𝐸* , (2)

where 𝛾12 is the specific adhesion work. From whence,
it is easy to find this parameter.

The experimental determination of 𝛾12 is much
more difficult than the experimental determination
of the elastic modulus, because it is almost impos-
sible to set the elastomer and indenter surfaces per-
fectly in parallel to each other. Moreover, those sur-
faces always contain inhomogeneities. Therefore, in
practice, the contact destruction happens somewhat
earlier than the theory predicts.

Figure 2 also demonstrates the photos of the con-
tact area between the cylindrical indenter and the
elastomer in the course of contact destruction. Pho-
to 1 shows that the detachment does not begin simul-
taneously over the whole contact area. During the de-
tachment process, the indicated non-uniformity sub-
stantially increases (photos 2–4 ). However, the de-
tachment is observed over the entire contact area
rather than in a certain selected corner. This fact tes-
tifies that the experimental surfaces were oriented in
parallel to each other with rather high accuracy. Ac-
cording to the dependence 𝐹 (𝑑) in Fig. 2, the critical
value of the indentation depth equals 𝑑𝑐 ≈ −0.56 mm.
Formula (2) and the determined quantities bring
about the value 𝛾12 ≈ 0.064 J/m2.

Figure 3 demonstrates the experimental results for
the indentation of a steel sphere into the same elas-
tomer (see Fig. 2). However, now (Fig. 3), the inden-
ter was made of a corrodible steel. Figure 3 shows
the results of three consecutive experiments (three
indentation/detachment cycles), and the correspond-
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Fig. 3. Dependence of the normal force 𝐹 on the indentation
depth 𝑑 for the indentation of a spherical indenter with the
radius 𝑅 = 11 mm and made of a corroding steel into elastomer

ing dependences are marked by labels 1–3. The value
of the specific adhesion work can differ from that
found above, when analyzing Fig. 2, because 𝛾12 de-
pends on the physical properties of both contacting
bodies. However, as a rule, 𝛾12 differs insignificantly
among various steel grades. Nevertheless, if the in-
denter is made of a corrodible steel, 𝛾12 changes
considerably with the growth of the contact dura-
tion time. In our experiment, the indentation was
performed at a low velocity of the indenter motion,
𝑣 = 1 𝜇m/s. This value was chosen to provide quasi-
static contact conditions. Then, during one indenta-
tion cycle, the indenter was in contact with the elas-
tomer (whose water content exceeded 95%) for more
than 2.5 h.

The dashed curves in Fig. 3 show those sections of
the dependences that were obtained at the indenta-
tion stage, whereas the solid sections of the curves
correspond to the detachment stage. Three consec-
utive indentation cycles were performed, which are
marked by labels 1 to 3. In the first cycle, the normal
force 𝐹 first increases to some maximum value. When
the indentation depth becomes equal to 𝑑 ≈ 4 mm,
the indenter starts to move in the reverse direc-
tion, but its displacement is no longer described by
the initial dependence 𝐹 (𝑑). It follows from the fig-
ure that 𝐹 (𝑑) demonstrates some linear dependence
at the detachment stage. This behavior means that
the contact radius and the contact stiffness remain
constant. The origin of this behavior consists in the

following. During the indenter–elastomer interaction,
the indenter surface within the contact area with the
elastomer has enough time to be oxidized (corroded),
so that the indenter becomes strongly “stuck” to the
elastomer. In a certain sense, this process is simi-
lar to how contacting metal parts can stick to each
other after their mutual oxidation and the appear-
ance of corrosion products in the contact zone. The
presence of corrosion products increases the specific
adhesion work 𝛾12 many times over, so the con-
tact area practically does not change further, when
the indentation depth 𝑑 changes within the given
limits.

The preservation of the constant contact area when
changing the direction of the indenter motion was also
observed in the contact of a metal indenter with rub-
ber [20], i.e., in the absence of corrosion processes.
However, in this case, when the indenter moves in the
reverse direction, there is always a moment, when the
contact radius begins to decrease due to the destruc-
tion of adhesive bonds and without the destruction of
the elastomer. In this paper, we describe a situation
where the contact can be strengthened so much that
the indenter detachment takes place with the manda-
tory elastomer destruction in the bulk.

In the experiment (its results are illustrated in
Fig. 3), after the indenter was lifted to some fixed
maximum height 𝑑 < 0 mm above the elastomer sur-
face, it was quickly returned to the level 𝑑 = 0 mm at
the velocity 𝑣 = 0.1 mm/s. Then, after a one-minute
pause, the indentation process was repeated. In all ex-
perimental dependences, there are no dashed sections
at negative indentation depths, because the values
of the acting forces 𝐹 and the corresponding inden-
ter shifts 𝑑 were not saved, when the indenter moved
rapidly.

From Fig. 3, it follows that, after the first inden-
tation cycle, the other cycles are characterized by
almost linear dependences 𝐹 (𝑑), which correspond
to an almost constant contact area. However, those
curves deviate from the straight-line behavior at large
indentation depths. Such a behavior testifies that the
contact configuration does change at large 𝑑. The cor-
responding changes result, in particular, from the
thinning of the jelly layer due to water evaporation
from its surface (this effect is described below in de-
tail). Each subsequent indentation cycle increases the
magnitudes of the force 𝐹 in the interval of negative
𝑑-values (when the indenter rises above the elastomer
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Fig. 4. Appearance of a contact between a spherical indenter and elastomer (jelly) in the course of indentation and detach-
ment at various indentation depths: 𝑑 = 1 mm (indentation) (a), 𝑑 = 2 mm (indentation) (b), 𝑑 = 3 mm (indentation)
(c), 𝑑 = 3 mm (detachment) (d), 𝑑 = 2 mm (detachment) (e), 𝑑 = 1 mm (detachment) (f ), 𝑑 = 0 mm (detachment) (g),
𝑑 = −1 mm (detachment) (h)

surface), which is also a result of the elastomer thick-
ness reduction.

Figure 4 demonstrates the photos of the contact
configuration in the case of indentation with a sphere
with the radius 𝑅 = 11 mm (see Fig. 3). Since
a mirror-polished indenter was used, its surface re-
flected the elements of the environment. In particular,
at the center of the photos, one can see the images of
the LED elements, which were located near the base
of a video camera. Despite those features, the contact
boundary is clearly visible (shown by a white arrow
in all photos).

The figure caption quotes the values of the in-
dentation depth 𝑑 at which the corresponding pho-
tos were taken. Photos a–c correspond to the in-
dentation stage during which the indentation depth
and the contact area increased monotonically. Pho-
to d corresponds to the same 𝑑-value as in photo c
(𝑑 = 3 mm). In photos e–h, the contact radius prac-
tically does not change, although they correspond to
the detachment stage. The origin of the contact ra-
dius stability at the stage, when the indenter was
pulled out of the elastomer, is a substantial con-
tact strengthening, which occurred at the indentation
stage owing to the indenter surface corrosion.

An interesting feature here is that two rings are ob-
served in photos e–h at the contact boundary. This
optical effect is associated with the appearance of an
adhesive neck in the contact area. The diameter of
the neck at its center is smaller than at the point of
the indenter–elastomer contact. Such a neck is visu-
ally displayed in the form of two distinct light rings,
because the contact is photographed from below (see
Fig. 1). In photo e, the image of the adhesive neck
(two very close rings) is shown by an arrow. The
larger (open) ring may probably be a remnant of the
destroyed contact boundary, because the gelatin ma-
terial is partially torn out of the elastomer layer, when
the indenter is pulled out.

Figure 5, 𝑎 contains a photo of the contact area at
the beginning of indentation (at 𝑑 = 0 mm) in the sec-
ond indentation cycle (dependence 2 in Fig. 3). From
this figure, it follows that the contact configuration
remained practically the same as in panels f–h in
Fig. 4. This fact means that, during the second in-
dentation cycle, the contact configuration and size
remain unchanged in a wide interval of indentation
depths 𝑑, although the contact was absolutely absent
at 𝑑 = 0 mm in the first cycle. A closed circle with the
largest radius in Fig. 5, a corresponds to the physical
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Fig. 5. Photo of the contact area between a spherical indenter and elastomer (jelly) at the
beginning of the second indentation cycle (see curve 2 in Fig. 3) (𝑎). Photo of the indenter
on the elastomer (jelly) surface after the contact collapsed (𝑏)

Fig. 6. Dependences of the normal force 𝐹 on the indentation
depth 𝑑 for the indentation of a spherical indenter with the
radius 𝑅 = 22 mm and made of a corrodible steel into elastomer

boundaries of the steel indenter, which coincide with
similar boundaries in Fig. 4. The diameter of this cir-
cle equals 2 cm.

Figure 5, 𝑏 exhibits the indenter after its detach-
ment from the elastomer (jelly) surface. To perform
such an action, a much greater force than the maxi-
mum force in Fig. 3 had to be applied. When pulling
out the indenter from the elastomer, a significant part
of the latter was extracted leaving a deep spherical
dimple, which can also be observed in Fig. 5, b. The
indenter, which was mirror-polished before the exper-
iment, lost its mirror-like properties in the contact
area due to the corrosion, and its surface acquired a
characteristic yellow shade.

The results of the next series of experiments with
an indenter with the larger radius 𝑅 = 22 mm are
shown in Fig. 6. Three indentation cycles were also
performed here. However, in contrast to the case de-
scribed above, now, the total destruction of the ad-
hesive contact took place in each indentation cycle,
when the indenter was detached from the jelly. Fur-
thermore, the adhesive strength of the contact (the
minimum external force that had to be applied in or-
der to destroy the contact) was much higher for the
first indentation cycle (curve 1 ) than for the subse-
quent cycles. This is a result of corrosion processes. In
all three indentation cycles, when the indenter was
being detached from the elastomer, the contact area
decreased monotonically to zero. But the partial de-
struction of the elastomer (jelly) surface already oc-
curred in the first cycle, and some quantity of elas-
tomer remained on the indenter surface. Therefore, in
the course of the two next indentation cycles, the in-
denter surface had areas, where the indenter did not
create direct contacts with the elastomer, but where
the elastomer was in contact with itself, and such
a contact had a weaker adhesive strength. The nor-
mal force 𝐹 corresponding to the maximum of the
indentation depth 𝑑 substantially decreased in every
subsequent indentation cycle. This effect was mainly
induced by a reduction in the elastomer (the aqueous
solution of gelatin) thickness owing to the evaporation
of moisture from the elastomer surface and, partially,
by the destruction of the elastomer surface in each
subsequent indentation cycle.

The photo of the indenter with the radius 𝑅 =
= 22 mm after its detachment from the elastomer
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Fig. 7. Photos of an indenter with the radius 𝑅 = 22 mm (𝑎) and the elastomer surface
after the experiment (𝑏)

is shown in Fig. 7, 𝑎. In this case, it was not neces-
sary to apply an additional force to destroy the con-
tact, because the destruction occurred at the depths
falling within the interval of indentation depths used
in the experiment (see Fig. 6). In Fig. 7, 𝑎, one can
distinctly see the traces of corrosion at the indenter
center, which changed the color of indenter surface
in the contact area. In addition, there are elastomer
particles on the indenter surface, but their volume is
much smaller than that observed in Fig. 5, b.

The degree of the contact area destruction is well
illustrated in Fig. 7, 𝑏, where the photo of the elas-
tomer surface after three complete indentation cycles
is shown. The enlarged image of the contact area,
which was formed by a light stream passing through
the elastomer surface is seen in the upper right corner
of the photo. This image clearly demonstrates sepa-
rate circles with different radii, and their presence
testifies to the heterogeneous character of the destruc-
tion process.

4. Influence of Contact Duration

The experiments described above showed that, in the
presence of corrosion processes in the contact zone,
the duration of the contact substantially affects its
adhesive strength. For a detailed elucidation of the
character of this influence, an additional series of ex-
periments was carried out, in which a cylindrical in-
denter with the diameter 𝐷 = 10 mm was immersed
into the elastomer (jelly) at the velocity 𝑣 = 5 𝜇m/s
to the depth 𝑑 = 1.5 mm. Then the indenter was left
in this position for a fixed time interval 𝑇 and af-
terward raised to the distance 𝑑 = −6 mm above the
jelly surface (the values 𝑑 < 0 corresponded to the in-

denter positions above the elastomer surface) at the
same velocity of 5 𝜇m/s.

In this experimental series, an newly-prepared elas-
tomer was used. Despite that it was prepared in a
similar way, its elastic characteristics might differ
from those described above, so a series of additional
experiments were performed to determine them. The
obtained results are shown in Fig. 8.

Figure 8, a demonstrates the dependences of the
normal force 𝐹 on the indentation depth 𝑑 obtained
in the experiment, where the influence of the inden-
ter stop time 𝑇 on the adhesive strength was stud-
ied. The numbers near the curves indicate the values
of the time interval 𝑇 (in minutes) during which the
indenter remained at rest in contact with the elas-
tomer at the maximum indentation depth. First, the
elastomer (jelly) was cooled down in a refrigerator;
then, it was warmed up at room temperature for
several hours; afterward, the indentation experiment
was carried out. The first experiment was executed
for the indenter stop time 𝑇 = 120 min. The cor-
responding load curve 𝐹 (𝑑) at the indentation stage
(the first quarter of the coordinate dependence, the
upper dashed curve) has a different slope in compar-
ison with those of other curves, which, in this case,
corresponds to a larger value of the elastic modulus of
elastomer. This occurred, because the elastomer had
not enough time to warm up to room temperature
before the first experiment started. However, at the
indenter detachment stage, the slopes of all depen-
dences 𝐹 (𝑑) are approximately identical, and it is
the detachment stage at which the contact adhesive
strength was studied in this work.

All the dependences shown in Fig. 8, a demonstrate
a reduction of the elastic force, when the indenter is
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a b
Fig. 8. Dependences of the normal force 𝐹 on the indentation depth 𝑑 for the indentation of a cylindrical steel indenter with
the diameter 𝐷 = 10 mm into elastomer (jelly)(𝑎). The numbers near the curves indicate the indenter stop time (in minutes) at
the maximum indentation depth 𝑑max = 1.5 mm. Experimental results for the indentation of cylindrical indenters with various
diameters (indicated in millimeters near the corresponding curves) made of a stainless steel (𝑏). The dependences for the indenter
with the diameter 𝐷 = 10 mm in panels (𝑎) and (𝑏) are identical: this indenter was made of a corrodible steel

Fig. 9. Photos of the contact areas after the experiments, the results of which are shown in Fig. 8, a. The
panels are labeled with the values of indenter stop time 𝑇 (in minutes)

at rest. Therefore, the curve 𝐹 (𝑑) corresponding to
the detachment stage passes always lower than the
analogous dependence for the load stage. This effect
is especially noticeable for 𝑇 = 120 min and 𝑇 =
600 min. In the case 𝑇 = 120 min, we associate it
with the fact that the elastomer continued to heat up
to room temperature during the first experiment. So,
its elasticity decreased. At the same time, the force
reduction in the experiment with 𝑇 = 600 min is a
result of the moisture evaporation from the elastomer
(jelly) surface during the stop time interval, so that
the elastomer became thinner.

In the experiment with the contact time 𝑇 =
= 600 min, the indenter became “stuck” so strongly to
the jelly due to corrosion processes that the complete
destruction of the contact could be attained, only if
some part of the elastomer surface was torn out of
the total elastomer mass (see Fig. 5, b). Therefore, in

this case, the complete contact took place even at the
force 𝐹 = −0.3 N (Fig. 8, a). At the same time, in
the absence of a corrosion and for an indenter with
the diameter 𝐷 = 10 mm, the contact already col-
lapsed at the force 𝐹 = −0.023 N, which follows from
Fig. 8, b (curve 10 ).

In Fig. 8, a, the contact area did not collapse after
the indenter was detached only in the cases 𝑇 = 0
and 60 min. In other cases, the contact area became
destroyed, and elastomer particles were present on
the indenter. Due to the presence of chemical inhomo-
geneities and mechanical irregularities at the indenter
surface, corrosion processes taking place there during
the indentation process run unevenly [21]. If the in-
denter is held in contact for not a very long time (see,
e.g., the curve for 𝑇 = 30 min), the adhesive bonds
that are strong enough for the elastomer to be de-
stroyed, when the indenter is detached, are formed
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only in some places. As a result, the indenter tears
out the elastomer material from those surface places,
where the bonds are most strengthened. Accordingly,
both the absolute values of the critical force and the
indentation depth at which the contact destruction
occurs at the detachment stage increase. If the con-
tact exists long enough (see the case 𝑇 = 600 min),
all areas have enough time to strengthen and the con-
tact becomes stronger than the molecular bonds in
the elastomer over the whole contact area. To destroy
such a contact, it is necessary to apply a considerably
larger force in comparison with the case of reverse de-
struction of adhesive bonds. All those factors bring us
to the situation shown in Fig. 5, b.

In Fig. 9, the photos of the elastomer surface af-
ter the contact destruction are shown for those ex-
perimental values of the indenter stop time 𝑇 that
correspond to the dependences 𝐹 (𝑑) in Fig. 8, a. As
follows from Fig. 9, there is no damage in the case
𝑇 = 10 min. At the same time, concentric circles are
observed in the case 𝑇 = 600 min. This result corre-
sponds to a complete “sticking” of the indenter to the
elastomer, and it is similar to that shown in Fig. 4
(panels f–h) and in Fig. 5, a. In Fig. 9 (𝑇 = 10, 30,
and 180 min), the inhomogeneities described above
are observed on the jelly surface in the form of open
air bubbles, which afterward transform into craters
that intensively evaporate moisture, which results in
the degradation of the elastomer (jelly) surface 1.

Let us return to Fig. 8, b, which depicts the de-
pendences 𝐹 (𝑑) describing the indentation of cylin-
ders with various diameters 𝐷 (the specific 𝐷-values
in millimeters are indicated near the corresponding
curves). Using the measurement results, as well as
formulas (1) and (2), we calculate the elastic and ad-
hesive parameters of the elastomer. We obtained the
following values for various indenters: 𝐸* ≈ 5.3 kPa

1 This is a disadvantage of using gelatin as an elastomer in
adhesion experiments, because its elastic properties change
in time due to the moisture evaporation, so that the gelatin
surface quickly degrades. When analyzing the experimental
results, the indicated features giving rise to a lower repro-
ducibility of experiments have to be taken into account. A
good alternative is the application of the transparent grades
of rubber [14, 15, 20], whose elastic and adhesive properties
are much more stable over time. However, rubber of this type
is not suitable as an elastomer for achieving the purpose of
this work, i.e., to study the effect of the corrosion, when a
steel indenter is in contact with water.

and 𝛾12 ≈ 0.026 J/m2 for 𝐷 = 4.0 mm, 𝐸* ≈ 4.2 kPa
and 𝛾12 ≈ 0.048 J/m2 for 𝐷 = 7.0 mm, 𝐸* ≈ 5 kPa
and 𝛾12 ≈ 0.026 J/m2 for 𝐷 = 10 mm, and 𝐸* ≈
≈ 4.4 kPa and 𝛾12 ≈ 0.059 J/m2 for 𝐷 = 15 mm. As
one can see, the elastomer parameters are somewhat
different in different experiments, which confirms the
temporal instability of gelatin parameters. For the
elastomer specimen corresponding to Fig. 2, 𝑎, the
parameters calculated in a similar way had close val-
ues: 𝐸* ≈ 6.4 kPa and 𝛾12 ≈ 0.064 J/m2.

In the series of experiments, the results of which
are shown in Fig. 8, the same elastomer specimen
was used. However, as was mentioned above, the
elastomer parameters change in time, which compli-
cates the comparative analysis of the results obtained
in different experiments. Therefore, an additional se-
ries of experiments were performed, in which seven
identical specimens of jelly elastomers were prepared
and stored at a temperature of 7 ∘C. The mass of
each jelly object did not exceed 30 g, so it could
be quickly heated up to room temperature. After a
specimen was destroyed during the experiment, it
was replaced by another one previously heated up to
room temperature. In this series of experiments, the
indenter was first plunged into the elastomer to the
depth 𝑑 = 1.5 mm and then lifted to the distance
𝑑 = −5 mm. The corresponding results are shown in
Fig. 10.

In Fig. 10, a, curves 1 show the dependence 𝐹 (𝑑)
obtained for the indenter stop time 𝑇 = 600 min. The
dashed part of the dependence corresponds to the in-
dentation stage, and the solid part to the detachment
stage. It follows from the figure that, during the time
interval when the indenter remained static, the nor-
mal force 𝐹 vanished and even changed its sign. A
similar albeit less pronounced effect is observed in
Fig. 8. It is a result of the intense moisture evapora-
tion from the elastomer (aqueous jelly) surface into
the environment, due to which the elastomer thick-
ness decreases in time.

In order to make the presentation of experimental
results convenient, let us exclude the effect of elas-
tomer thinning from the dependences. At the load
stage, the dependence 𝐹 (𝑑) shown in Fig. 10, a cor-
responds to the contact stiffness 𝑘 ≈ 28 N/m. The
corresponding maximum elastic force at the indenta-
tion depth 𝑑 = 1.5 mm equals 𝐹1 ≈ 0.0384 N. Then
the indenter is at rest for the time interval 𝑇 . At the
moment, when the indenter starts to move upward,

ISSN 2071-0186. Ukr. J. Phys. 2023. Vol. 68, No. 5 357



I.A. Lyashenko, V.L. Popov

Fig. 10. Experimental dependence 𝐹 (𝑑) obtained for the indenter stop time in contact 𝑇 = 600 min (curve 1 ; the dashed section
corresponds to the indentation stage, and the solid one to the detachment stage) and the detachment section recalculated taking
the reduction of the jelly thickness into account (curve 2 ) (𝑎); 𝑏 – 𝐹 (𝑑) dependences corresponding to the indenter detachment
stage for various indenter stop times 𝑇 = 0, 10, 60, 30, 180, 600, and 120 min (in the direction indicated by the arrow. Curve 1
corresponds to the stop time 𝑇 = 300 min. 𝑐 – the values of the minimum normal force 𝐹min reached at the indenter detachment
stage for various indenter stop times 𝑇 (symbols; the values were obtained from the results partially shown in Fig. 10, b) and
their approximation with power-law dependence (3)

the elastic force equals 𝐹2 ≈ −0.0016 N. The force
difference is Δ𝐹 = 𝐹1 − 𝐹2 = 0.04 N. Knowing the
contact stiffness 𝑘, we calculate the variation of the
elastomer thickness: Δ𝑙 = Δ𝐹/𝑘 ≈ 1.43 mm. Hence,
during the time interval 𝑇 , a layer of water whose
thickness was approximately equal to the indentation
depth was evaporated. The dependence 𝐹 (𝑑) has to
be left-shifted by the calculated Δ𝑙-value, which cor-
responds to the detachment of the indenter. This pro-
cedure is equivalent to the shift of lower curve 1 in
Fig. 10, a to the left in such a way that it would
touch the load curve (the dashed curve), because,
in the case of cylindrical indenter, the indentation
and detachment stages have to be described by the

same dependence 𝐹 (𝑑), if the elastomer thickness is
constant. The dependence 𝐹 (𝑑) recalculated in this
way, which would correspond to the situation where
the elastomer thickness does not change, is shown by
curve 2 in Fig. 10, a.

The above-described parallel shift of the depen-
dences 𝐹 (𝑑) does not change the values of the normal
force 𝐹 . Therefore, it does not affect the value of the
contact adhesive strength and is performed solely for
the convenience of presentation of the experimental
dependences in the same figure.

The shifted dependences obtained for various val-
ues of the indenter stop time 𝑇 are shown in
Fig. 10, b. The figure testifies that, on average, the
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contact strengthens in time due to the corrosion. Ho-
wever, the experimental results do not demonstrate a
monotonic increase of the contact adhesive strength
as the time 𝑇 grows. In particular, for 𝑇 = 300 min
(curve 1 ), the contact does not collapse for the se-
lected interval of indentation depths, but its de-
struction does take place at 𝑇 = 600 min. This is
so, because the time 𝑇 = 300 min is long enough
for the corrosion processes to occur over the whole
contact area. The strength of adhesive bonds (tak-
ing the chemical corrosion processes into account)
becomes much higher than that of cohesive bonds
in gelatin. In both considered cases (𝑇 = 600 and
300 min), the indenter tears off some quantity of the
elastomer from the surface, when the contact col-
lapses, i.e., the contact area becomes destroyed. The
contact strength can increase further. However, af-
ter the whole indenter surface has corroded rather
strongly, and the adhesive bonds between the inden-
ter and the elastomer have become stronger than
the bonds between the molecules in the elastomer,
the further enhancement of the contact strength does
not affect the critical force at which the destruction
occurs.

The critical force is affected by many other factors:
the smoothness of the elastomer (jelly) surface, the
parallelism of the elastomer and indenter surfaces,
chemical and mechanical inhomogeneities, and oth-
ers. It is the influence of those factors that leads to the
non-monotonic character of the critical force depen-
dence on the time 𝑇 , which is shown in Fig. 10, c. The
figure cumulates the results of several experiments
that were performed with the same indenter stop time
𝑇 . One can see that the experimental critical forces
can be different for the same 𝑇 -value. However, on av-
erage, the experimental results testify to the enhance-
ment of the contact strength with the growth of the
time 𝑇 . The dashed curve in Fig. 10, c demonstrates
the least-squares approximation of the experimental
results by the power function

𝐹min = −6× 10−3 𝑇 0.39. (3)

However, the large scattering of experimental results
(the critical force values) does not allow us to as-
sert that approximation (3) accurately describes the
dependence 𝐹min(𝑇 ). Nevertheless, it demonstrates
a steady tendency for the contact to increase its
strength with the growth of its duration.

5. Conclusions
In this paper, we have described experiments on the
indentation of steel indenters into the elastomer. The
latter was a solidified aqueous solution of gelatin. It
is found that, due to the corrosion, the contact be-
tween the indenter and the elastomer strengthened in
time. Three different regimes depending on the con-
tact duration are revealed. In the case of short-term
contact, the indenter could be detached reversibly
without damaging the elastomer surface. As the con-
tact duration increased, the elastomer became par-
tially destroyed, when the indenter was detached, and
some quantity of the elastomer remained on the in-
denter surface. If the contact duration exceeded a
certain critical value, the contact strengthened so
much that, when the indenter was detached from the
gelatin surface, the bulk destruction of gelatin took
place. This occurred, because the chemical bonds be-
tween the indenter and the gelatin over the contact
area became much stronger than the bonds between
the gelatin molecules. In this case, a significant force
has to be applied in order to detach the indenter, and
this force turned out sufficient for the bulk destruc-
tion of the elastomer.

If the elastomer is partially destroyed, it is possi-
ble to carry out several cycles of indentation into its
surface. In this case, all consecutive indentation cy-
cles are characterized by different values of the nor-
mal force at which the contact collapses. The maxi-
mum force value is observed in the first cycle, when
the contact is strengthened due to the corrosion
processes. The subsequent indentation cycles demon-
strate a reduction of the contact adhesive strength,
because there are no more direct contacts between
the indenter and the elastomer in some contact ar-
eas. Instead, we have a contact between the elastomer
remaining on the indenter surface and the substrate
elastomer itself, and such a contact has a much lower
adhesive strength.

It is found that if the contact is rather long-lasting,
the elastomer becomes thinner because of the mois-
ture evaporation from its surface. As a result, the nor-
mal force decreases. This is a disadvantage of elas-
tomers based on aqueous gelatin solutions, and it
must be taken into account when processing exper-
imental data.
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6. M.H. Müser. Elastic contacts of randomly rough indenters
with thin sheets, membranes under tension, half spaces,
and beyond. Tribol. Lett. 69, 25 (2021).

7. R. Pohrt, V.L. Popov. Adhesive contact simulation of elas-
tic solids using local mesh-dependent detachment crite-
rion in boundary elements method. Facta Univ. Ser. Mech.
Eng. 13, 3 (2015).

8. V.L. Popov, R. Pohrt, Q. Li. Strength of adhesive contacts:
Influence of contact geometry and material gradients. Fric-
tion 5, 308 (2017).

9. K.L. Johnson, K. Kendall, A.D. Roberts. Surface energy
and the contact of elastic solids. Proc. Roy. Soc. Lond. A
324, 301 (1971).

10. B.V. Derjaguin, V.M. Muller, Y.P. Toporov. Effect of con-
tact deformations on the adhesion of particles. J. Colloid
Interf. Sci. 53, 314 (1975).

11. D. Maugis. Adhesion of spheres: the JKR-DMT-transition
using a Dugdale model. J. Colloid Interf. Sci. 150, 243
(1992).

12. M. Ciavarella, A. Papangelo. A generalized Johnson pa-
rameter for pull-off decay in the adhesion of rough surfaces.
Phys. Mesomech. 21, 67 (2018).

13. A. Pepelyshev, F.M. Borodich, B.A. Galanov, E.V. Gorb,
S.N. Gorb. Adhesion of soft materials to rough surfaces:
Experimental studies, statistical analysis and modelling.
Coatings 8, 350 (2018).

14. I.A. Lyashenko, R. Pohrt. Adhesion between rigid indenter
and soft rubber layer: Influence of roughness. Front. Mech.
Eng. 6, 49 (2020).

15. V.L. Popov, Q. Li, I.A. Lyashenko, R. Pohrt. Adhesion and
friction in hard and soft contacts: Theory and experiment.
Friction 9, 1688 (2021).

16. J.R. Parent, G.G. Adams. Adhesion-induced tangential
driving force acting on a spherical particle lying on a sinu-
soidal surface. J. Adhesion 92, 273 (2016).

17. I.A. Lyashenko, V.L. Popov, R. Pohrt, V. Borysiuk. High-
precision tribometer for studies of adhesive contacts. Sen-
sors 23, 456 (2023).

18. I. Lyashenko, V. Borysiuk. Stick-slip motion in the contact
between soft elastomer and spherical hard steel indenter:
Model explanation of superplasticity mode in metal sam-
ples with grain boundary defects. Procedia Struct. Integr.
36, 24 (2022).

19. V.L. Popov, M. Heß, E. Willert. Handbook of Contact Me-
chanics. Exact Solutions of Axisymmetric Contact Prob-
lems (Springer, 2019) [ISBN: 978-3-662-58708-9].

20. I.A. Lyashenko, V.L. Popov. Dissipation of mechanical en-
ergy in an oscillating adhesive contact between a hard in-
denter and an elastomer. Tech. Phys. Lett. 46, 1092 (2020).

21. I. Argatov. Mechanics of heterogeneous adhesive contacts.
Int. J. Eng. Sci. 190, 103883 (2023). Received 14.04.23.

Translated from Ukrainian by O.I. Voitenko

Я.О.Ляшенко, В.Л.Попов

ВПЛИВ КОРОЗIЙНИХ ПРОЦЕСIВ
НА АДГЕЗIЙНУ МIЦНIСТЬ КОНТАКТУ
МIЖ ЖОРСТКИМ IНДЕНТОРОМ
I М’ЯКИМ ЕЛАСТОМЕРОМ: ЕКСПЕРИМЕНТ

Вивчається вплив тривалостi контакту мiж сталевим iнден-
тором, який пiддається корозiї, i еластомером на основi во-
дного розчину желатину, на адгезiйну мiцнiсть контакту.
Показано, що збiльшення часу контакту приводить до його
суттєвого змiцнення. У результатi контакт стає настiльки
мiцним, що витягування iндентора iз еластомера призво-
дить до руйнування поверхнi еластомера.

Ключ о в i с л о в а: корозiя, еластомер, адгезiйна мiцнiсть,
iндентування, квазистатичний контакт.
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