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Abstract

This paper reports on the adhesion characteristics between microspheres and rub-
ber surfaces. Silica, polystyrene, and poly(methyl methacrylate) microspheres were
deposited on cis-1,4-polybutadiene (BR) films. A BR meniscus formed on the sphere
surfaces when the film thickness was less than the diameters of the spheres. Addition-
ally, the attractive forces acting on the spheres in the direction of the BR films were
examined via atomic force microscopy. Sedimentation of the spheres occurred for films
with thicknesses much greater than the diameters of the microspheres in all systems.
Interestingly, this wetting process occurred even in the silica/BR system, despite the
incompatibility of these materials. The driving force for meniscus formation is the dif-
ference between the surface free energy of BR (ygg) and that of the spheres (ysphere). For
all systems, ygg is lower than v i-., the BR surface is more stable than those of the
spheres, and thus a meniscus forms to stabilize the system. Once a meniscus formed, a
downward force acted on the spheres to embed them into the BR film. Sedimentation
eventually ceased when the angle between the tangential line of the sphere and the
rubber surface became equal to the equilibrium contact angle determined by Young's
equation. Interestingly, the sedimentation behavior was nearly identical for spheres
with various surface free energy values except in terms of their final positions. The
same sedimentation phenomena were studied with crosslinked BR films. In contrast to
the experiments performed using various types of spheres, the sedimentation behavior
varied with different rubber characteristics. The results of these studies indicate that
the sedimentation behavior mainly depends on the physical properties of the rubbers
used, although the physical properties of the spheres are in determining their final
depth.

Keywords: Adhesion, Interface, Surface free energy, Meniscus, Sedimentation

Background

Pressure-sensitive adhesive (PSA) is a common means of adhesion used in various fields.
Examples of daily use include adhesive tape or sticky paper. PSAs are also used in indus-
trial fields such as building materials and cars. However, the phenomenon of adhesion
is complex because of the many factors involved, such as surface free energy, viscoe-
lasticity, and cohesion. Many studies have been conducted to investigate the nature
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of adhesion, most of which have focused on the various adhesion properties between
spheres and substrates.

One of the most important aspects involved is the adhesive force. In particular, many
theories have been proposed to address deformation induced by the adhesion of spheres
on substrates. For example, Johnson et al. [1] investigated the deformation of macro-
scopic gelatin spheres and presented a theory known as the Johnson—Kendall-Roberts
(JKR) theory, which takes a thermodynamic approach to adhesion. An adhesion energy
between a rubber ball and a flat smooth glass surface was investigated by Roberts et al.
[2]. They observed the time-dependence of contact radius and surface energy with the
equation based on JKR theory. These values eventually reached the certain values. The
detail of time-dependence of fracture and adhesion energy was investigated by Presson
et al. [3]. Furthermore, Derjaguin et al. [4] proposed the Derjaguin—Muller—Toporov
(DMT) theory, which includes long-range forces. The JKR theory and the DMT theory
each have a certain range of validity [5]. In addition to these theories, the Maugis—Pol-
lock (MP) theory was presented by Maugis et al. [6]. In comparison with the JKR and
DMT theories, which assume purely elastic deformation, the MP theory is unique in
addressing plastic deformation. High degrees of deformation in substrates have also
been studied, for example in a paper by Rimai et al. using a plasticized polystyrene sub-
strate and soda-lime glass spheres [7—9]. Under these conditions, Rimai et al. observed
sedimentation of the spheres into the substrate and extended the JKR, DMT, and MP
theories to include an understanding of the substrate deformation.

Aside from deformation studies, systems of spheres and substrates have also been
investigated to determine the fundamental physical properties of polymers. For instance,
Sharp et al. [10] directly assessed the near-surface properties of polystyrene films by
monitoring how gold nanoparticles became embedded. The adhesive force between
spheres and substrates coated with low viscosity liquids, such as water or silicon oil, have
been investigated using a capillary bridge with atomic force microscopy (AFM) [11-14].
The measured force has been fitted to a hydrodynamic force, van der Waals attraction,
electrostatic repulsion, hydrodynamic drag, and the restoring force of a cantilever [11,
13]. In addition to these forces, Ally et al. [14] has taken capillary forces into account,
which has been a topic of interest among researchers for many years. Cross [15] and
Pietsch [16] and their coworkers showed that the capillary force component results from
the direct action of the surface free energy, with further details recently reported by Butt
etal. [17].

In contrast to studies of deformation and adhesive force performed on low viscosity
materials, few reports on the initiation of the adhesion process and wetting progress in
viscoelastic materials are available. Therefore, the relationship between the initial stage
of stickiness and the physical properties of polymers is not well understood.

In this study, we have investigated the adhesion characteristics between micro-scale
spheres and rubber films with large thicknesses relative to the sphere diameters. Vis-
coelastic materials such as rubber generally require a long time to become wetted. To
address this problem, we used spheres with sizes on the order of microns. For such small
spheres, wetting at the surface proceeds in a sufficiently short time that we were able to
observe the process. Additionally, we were able to observe deformation of the viscoelas-
tic material caused by wetting. We focused on four main factors in order to investigate
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the process of adhesion, including two physical properties of the spheres, the surface
free energy and the sphere size, in addition to the surface free energy, and viscoelasticity
of rubber.

Experimental

Materials

cis-1,4-Polybutadiene (BR) (BRO1) was supplied by JSR Corp. The glass transition tem-
perature T}, of this material is —108 °C, while the number average of the molecular weight
M, is 121,193 and M,,/M,, is 4.36. Dicumyl peroxide (DCP), which is a crosslinking agent
for BR, was purchased from Sigma-Aldrich, Inc. Three types of silica spheres (Hyprecia)
were obtained from Ube-Exsymo Co., Ltd with diameters of 5, 10, and 50 pm. Polystyrene
(PS) spheres (SBX-12) and poly(methyl methacrylate) (PMMA) spheres (MB-8) were sup-
plied by Sekisui Plastics Co., Ltd with diameters of 12 and 8 um, respectively.

Rubber film preparation

Rubber films were prepared with two thicknesses. To prepare thin BR films with thick-
nesses around 500 nm, a BR solution in toluene (3.0 wt%) was spin-coated at 2000 rpm
for 30 s onto a single-crystal silicon wafer with a native oxide layer (Mitsubishi Materials
Trading Corp.). The film was dried for at least 24 h at room temperature and the film
thickness was evaluated with an ellipsometer (SA-101; Photonic Lattice, Inc.).

Rubber films with large thicknesses compared to the diameter of the spheres were
prepared by a solvent cast method. A BR solution in toluene (10 wt%) was cast onto a
silicon wafer and the resulting film was dried for 24 h at room temperature in ambient
conditions and for 24 h under vacuum. The film thickness was determined to be around
160 pm by scanning electron microscopy (SEM) (SM-200; Topcon Corp.). For thicker
films, a crosslinked BR film was also made using a BR solution in toluene (10 wt%; DCP
1.5 phr for rubber). After drying in ambient conditions followed by vacuum drying, the
film was annealed at 130 °C for 0, 15, 20, 25, and 30 min to induce crosslinking. Here-
after, the crosslinked samples are denote by the crosslinking time appended to BR (e.g.,
BR15 describes a BR film crosslinked for 15 min).

The surface free energies of the rubber films were evaluated with the Owens—Wendt
equation [18]. Because two types of contact angles are required for this evaluation, we
used ultrapure water and diiodomethane, and determined the contact angles with a
Dropmaster 300 from Kyowa Interface Science Co., Ltd.

The storage modulus G’ and the loss modulus G” of the rubber were measured with
a rheometer (parallel plate, ¢ = 25 mm, 20 °C, Rheometrics dynamic mechanical spec-
trometer RDS-7700; Rheometrics, Inc.).

The shear moduli of the rubber films were evaluated from the force-distance curve
measured by atomic force microscopy (AFM) (MFP-3D-BIO-J; Asylum Research) and
the Johnson—Kenall-Roberts (JKR) theory [1] was applied to the evaluation. The JKR
theory is known to be suitable for highly adhesive systems with low stiffness and large
tip radii, and can therefore be applied to the system in this study. In several reports on
this theory [19, 20], the “2-point method” has been proposed for determining the elastic
modulus, E. The shear modulus, G, can then be calculated using the following equation:
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where v is the Poisson’s ratio, which was assumed to be 0.5 in this study. The value of 0.5
is a typical Poisson’s ratio for a non-compressive elastomer.

Test for adhesion of spheres to rubber surfaces

The spheres were deposited onto the rubber films, then nitrogen gas was blown across
the rubber surfaces to remove any unattached spheres. The interfacial area between the
spheres and the rubber was imaged using SEM after resting the samples for a designated
length of time.

Force-distance curves from particle probe measurements

The adhesion between the silica spheres and thin rubber films was investigated by AFM.
These measurements used a silicon cantilever with a silica sphere at the tip (23.9 N/m
spring constant, 10 pum silica sphere diameter, 400 nm/s scanning rate, Novascan Tech-
nologies, Inc.).

The attractive force was also measured by AFM by first moving the sample stage to
approach the cantilever and pausing the approach after contact occurred between the
substrate and the cantilever following a jump in the force curve. Then, the measured
force returned to 0 N, the sample stage was fixed, and the changes in detected force with

time were recorded.

Equilibrium contact angle measurements

A 500-nm-thick BR film was produced using the above method. The film was scratched
with tweezers, and submicron fragments of BR that remained attached to the tip of the
tweezers were placed on a flat silica glass surface. Changes in the contact angle with time
were observed by SEM.

Results and discussion

Figure 1 shows an SEM image of the interface between a silica sphere with a 10 pm diam-
eter and a BR film with a 500 nm thickness. The image clearly illustrates the formation
of a BR meniscus on the silica sphere. Adhesion of the silica occurred quickly, in <10 s,
so the rubber meniscus must have formed immediately after the spheres were depos-
ited. Generally, contact between hydrophilic and hydrophobic materials tends to result
in smaller contact areas; yet, the hydrophobic BR formed a meniscus on the hydrophilic
silica surface. This phenomenon can be understood in terms of the differences in surface
free energy. The surface free energy of BR is 28.8 mJ/m? and that of silica is >300 mJ/m?
In other words, a BR/air system is more stable than a silica/air system, so the BR tends
to cover the silica sphere surface. As a result, a BR meniscus formed on the silica sphere
surface even though they are not compatible. In addition to silica, the surface free ener-
gies of PS and PMMA are 43 and 39 mJ/m? respectively, which are both larger than
that of BR, also resulting in the formation of a BR meniscus on PS and PMMA sphere
surfaces.
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Fig. 1 SEM image of the interface between a thin BR film and a silica sphere. 10 um sphere diameter; 500 nm
BR film thickness

Figure 2a displays the force-distance curve for a thin BR film (500 nm thickness)
measured by a cantilever with a silica sphere tip. As shown in Fig. 2a, the cantilever first
adhered to the BR film by van der Waals forces (point A in Fig. 2a); then, the cantile-
ver returned to a straight position by lifting the sample stage (from point B to C) until
the force decreased to zero. Afterward, the sample stage was fixed at point C. The force
curves measured after fixing the sample stage are shown in Fig. 2b. The data plot indi-
cates that downward forces were detected and the cantilever gradually bent, reflecting
an attractive force on the silica sphere as a result of the meniscus (Fig. 3), known as the
meniscus force, F, .piscus:

The meniscus force consists of two components [17]:
Frneniscus = FLap + Fcap )

the Laplace force, FLap, and the capillary force, Fcap, which is induced by the Laplace pres-
sure, Ap. This pressure is generated in the vicinity of the interface between two fluids
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Fig.2 AFM measurement of a thin BR film using a cantilever attached to a silica sphere tip. a Force-distance
curve of a thin BR film. b Variation in the attractive force with time. Conditions: 500 nm BR film thickness;
10 um silica sphere diameter; 23.9 N/m cantilever spring constant; 400 nm/s scanning rate
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Silica sphere

Silicon wafer

Fig. 3 Schematic of a meniscus between a sphere and a flat substrate

that have different surface free energies. F,, is described by the following equations [17,

21, 22]:
FLap = SAp = JTVZAp (3)
Ap = 71 71 (R 0, R 0) 4
= + > 0, <
YL Ry Ry 1 2 ( )

where S is the contact area, (1/R; + 1/R,) is the surface curvature of an interface, and y;
is the surface free energy of the liquid.

The F,, portion of F, ;s is induced by y; at the contact line of a meniscus [14, 17,
23, 24]:

Feap = Ly sin(¢ +60) = 2rry sin( + 0) 5)

where [ is the length of the contact line, and the angles ¢ and 8 are shown in Fig. 3. The
direction of y; is tangential to the line of liquid around the contact line. These forces
produced an attractive force that acted on the sphere at the tip of the AFM cantilever.
The meniscus of rubber formed immediately on the sphere surface after point B, then
the meniscus force acted on the sphere and the sphere became embedded in the BR film.
As a result, the cantilever was bent and a force was detected (Fig. 2b).

Because the attractive force acts on the spheres in the direction of the rubber film,
we used thicker rubber films in place of the thin film to investigate the wetting process.
These conditions resulted in sedimentation of the silica spheres into the rubber film. Fig-
ure 4 shows SEM images of this sedimentation, as well as similar sedimentation features
for PS spheres and PMMA spheres. The sedimentation ratio, §/D, was calculated from
SEM images to compare the sedimentation behavior of each sphere type, where the term
¢ is the sedimentation depth and D is the diameter of the spheres. Figure 5 shows the
time-dependence of sedimentation for all three types of spheres. According to Fig. 5,
the sedimentation behavior indicated by the shape of the curves was nearly identical
for all spheres. Additionally, the sedimentation velocities are also similar for all spheres,
even for spheres with very different surface free energies. In comparison to the silica/air
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Fig.4 SEM images of silica spheres deposited on a thick BR film. 160 um BR film thickness; 5 um silica sphere
diameter; resting times: @ 5 min, b 30 min, € 10 h,and d 792 h
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Fig. 5 Resting-time-dependence of sedimentation ratios for silica, PS, and PMMA spheres in a thick BR film.
Sphere diameters: silica 10 um, PS 12 um, PMMA 8 um; BR film thickness: 160 um

system, the polymer/air systems are more stable as a result of their smaller surface free
energy. Therefore, the silica spheres were expected to be more rapidly embedded into
the rubber film than the polymeric spheres, however a different result was obtained. Fig-
ure 5 indicates that the sedimentation behavior does not depend strongly on the physi-
cal properties of the spheres. These results are also in agreement with Egs. (4) and (5),
which indicate that the attractive force depends only on the physical properties of the
rubber. Additionally, we assume a drag force occurs by the viscoelastic deformation of
rubber. We discuss the dependence of viscoelasticity of rubber later.

Figure 5 also shows that sedimentation eventually ceased at a certain depth, depending
on the type of sphere. The final depths were 85% for silica spheres, 95% for PS spheres,
and 96% for PMMA spheres. The angle between the rubber surface and the tangential
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line to the sphere at its final position, 8,4, was calculated using the final depth, d/D.
These values were 45°, 26°, and 23°, respectively. According to Egs. (4) and (5), the sedi-
mentation should cease when the meniscus has vanished. Disappearance of the menis-
cus requires that Ap = 0 and 6 = 7 — ¢, then F;,, = 0 and F,,, = 0.

Next, we considered the factors that determine the final sedimentation position of the
spheres. The terminal contact angle is assumed to be equal to the equilibrium contact

angle, 0, in Young’s equation [25]:
¥YS = YsL =+ Y1, COSs eeq (6)

Here, y5 and y; are the surface free energy of the solid and liquid, respectively, and y¢;
is the interfacial free energy between the liquid and the solid. For a sphere at the liquid—
gas interface, the sphere is stable at the position where the forces on the tangential line
around the contact line are balanced [10, 26]. Namely, in equilibrium, Young’s equation
is valid for the tangential line to the sphere. To verify whether this theory also holds
in our system, in which spheres are present at a viscoelastic material-gas interface, we
determined 6, by the following experiment and compared the values of 6., with 6,,4.
Pieces of BR with an equilibrium contact area diameter of around 30 pm were placed on
silica glass substrates. The time-dependence of the contact angle is shown in Fig. 6. The
BR pieces gradually spread along the surface of the silica glass. The final contact angle
reached a value of 43°, which is broadly consistent with the 6, 4 value of 45°. This result
indicates that a sphere at a viscoelastic material-gas interface, as well as the liquid—gas
system, is in equilibrium when 6,4 becomes equal to 6, We also confirmed whether
the value of 6, was appropriate comparing the apparent surface free energy reported
by Roberts et al. [2]. We calculated the interfacial free energy using Young’s equation
[Eq. (6)], and it was about 278 mJ/m?. Then, we also calculated the work of adhesion, w,
using Dupré equation [21]:

YSL=Vs +YL—W (7

w between the BR and the glass substrate was about 51 mJ/m>% Robert and his cow-
orker reported w of natural rubber (NR)—glass system was 60 mJ/m% BR and NR are
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Fig. 6 Resting-time-dependence of contact angle between BR pieces and silica glass
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considered to have similar adhesion properties, therefore our w value is considered to
be an appropriate value. Additionally, our experiments show new method to obtain an
interfacial free energy between a solid and a viscoelastic material directly using Young’s
equation by just placing the micron-order viscoelastic piece on the solid.

Dependence on sphere size

To confirm the influence of sphere size on the sedimentation behavior, various sizes
of silica spheres were deposited onto a thick BR film without a crosslinking agent. Fig-
ure 7a shows the time-dependence of sedimentation. The velocities clearly varied among
the three spheres sizes, however, the final sedimentation ratios had very similar values.
The plots in Fig. 7a, with a reference sphere size of D = 50 um, can be superposed on
one another by shifting the data along the time axis (Fig. 7b). Figure 8 displays a log—
log plot of the relationship between the shift factors, a,, and the sphere diameter, which
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Fig. 7 Resting-time-dependence of sedimentation ratios of silica spheres with various diameters in a thick
BR film. a Raw data, b data shifted along the time axis. The reference sphere size is 50 um

3
25 T+ ®
N y=-2.497x +4.139
AN R2=0.995
2 T+ \
/(;s_\i N
w 151 LN
Q \
2 %
14
05 +
0 : : —e
0 0.5 1 1.5 2
Log (D)
Fig. 8 Shift factors for plotted data in Fig. 7b versus sphere diameter. The dotted line represents a linear
relationship
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approximates a straight line. The slope of 2.5 for this line indicates that the total time
for sedimentation is proportional to D to the power of 2.5. This result clearly shows the
relaxation process is dominated by time-dependent fracture energy, therefore we have to
clarify the relationship between D and a, in the near future. In contrast to the velocity,
the sedimentation behavior does not depend on sphere size (i.e., the curve shapes were
nearly identical), as the shape of all plots was consistent. As described above, the final
depth depends only on the physical properties of the spheres and the rubber: ys, y;, and
ys1- The sphere size affects the velocity but not the overall behavior.

Dependence on rubber type

As discussed above, the type of sphere does not affect the intermediate stage of sedi-
mentation behavior, however the final sphere depth depends significantly on the
material. Therefore, we considered the effect of different types of rubber. For this inves-
tigation, we observed the sedimentation behavior of silica spheres into crosslinked BR
films. Figure 9 shows the cross-linking time-dependence of the storage modulus G’
and the loss modulus G”. This result indicates that the fluidity of the BR film decreases
with crosslinking time. Figure 10 shows the cross-linking time-dependence of the sur-
face free energy (Fig. 10a) and the shear modulus (Fig. 10b). Both values increased with

Crosslinking time
45 min
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1044
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Fig. 9 Cross-linking time-dependence of the storage modulus G’ (solid lines) and the loss modulus G”
(dashed lines) for a thick BR film
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Fig. 10 Cross-linking time-dependence of a surface free energy and b shear modulus G for a thick BR film
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greater crosslinking times. The reason for increasing of the surface free energy as the
crosslinking proceeds is increases of a cohesive force and a density of the BR. To study
the sedimentation behavior, silica spheres with a diameter of 5 um were deposited on
BRO, BR15, and BR30 films. The results are shown in Fig. 11a. The plots for BR15 and
BR30 were shifted to compare the sedimentation behavior of these samples with that
of BRO (Fig. 11b). Figure 11b demonstrates that the shapes of the curves are very simi-
lar, whereas the final sphere depth for BR30 is different from that of the other samples.
Details are provided below.

First, the surface free energy of BRO is nearly the same as that of BR15 according to
Fig. 10a; however, the shear modulus increase with crosslinking time. Therefore, the flow
of BR15 from the bottom to the side of a sphere and the sedimentation of BR15 were
slower than that of BRO. This result suggests that the sedimentation velocity relies on the
viscoelasticity of the rubber film. Secondly, BR30 clearly exhibited a different terminal
sedimentation position than the other two samples. Because the surface free energy of
BR30 is larger than those of BRO and BR15, the positions predicted by Young’s equation
and thus the final depths were different. These results indicate that the sedimentation
mechanism is strongly influenced by the physical properties of the rubber film, such as
surface free energy and viscoelasticity. These results are also in agreement with Eqgs. (4)
and (5), which indicate that the attractive force depends only on the physical properties
of the rubber.

Conclusions

We have reported the adhesion characteristics between microspheres and rubber sur-
faces. For thin rubber films with thicknesses less than the sphere diameters, the for-
mation of a rubber meniscus was observed on the sphere surfaces. In the case of thick
rubber films, with large thicknesses compared to the sphere diameters, sedimentation of
the microspheres occurred. These studies demonstrate certain important features about

the sedimentation mechanisms:

+ A meniscus formed immediately on the sphere surfaces after they were deposited.
This result indicates that an attractive force develops in a short time span (<10 s).
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Fig. 11 Resting-time-dependence of sedimentation ratios of silica spheres in a crosslinked BR film. a Raw
data, b data shifted along the time axis. The reference crosslinking time is 0 min. 5 um silica sphere diameter;
160 um BR film thickness
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+ The system was stabilized as a result of meniscus formation and microspheres
becoming embedded in the rubber film.

+ Young’s equation is valid to describe the final sphere depth. In other words, the angle
between the rubber surface and the tangential line of the sphere in its final position,
Ocng» 1s equal to the equilibrium contact angle, 6., in Young's equation.

The following relationships between the sedimentation phenomena and material fac-
tors were also determined:

+ Sedimentation behavior mainly depends on the physical properties of the rubber.
+ Sedimentation behavior is nearly independent of the physical properties of the
spheres.

«+ The physical properties of the spheres are particularly important in determining their
final depth.
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