[2R2 sz

LAV

2 HF—F U Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

oo(@o)

Citation(English)

Type(English)

gobbobbbuggoobbobbuodoogoboobbouaa

Microsphere Adhesion on Rubber Films Accompanied by Meniscus
Formation and Sedimentation

0o:00@O),

oooooo:0o0o0ooo,

0000:00114510,

00 000:20200 30 26001,

ooooo:0ooo,
000:0000,0000,0000,0000,0000

Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 1145107,

Conferred date:2020/3/26,

Degree Type:Course doctor,

Examiner:,,,,

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

Microsphere Adhesion on Rubber Films Accompanied by Meniscus Formation
and Sedimentation
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Shoko Mishima

School of Materials and Chemical Technology, Department of Materials Science and Engineering

Tokyo Institute of Technology

1. Introduction

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 industrial 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, viscoelasticity,
and cohesion. Many studies have been conducted to investigate the nature of adhesion, most of which have focused on
the various adhesion properties between spheres and substrates. In this study, we have investigated the adhesion
characteristics between microscale spheres and rubber films with large thicknesses relative to the sphere diameters.
Viscoelastic 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 can observe the process. Therefore, we were able to observe deformation of the viscoelastic material caused
by wetting. We focused on four main factors in order to investigate 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.

2. Experimental
Materials

cis-1,4-Polybutadiene rubber (BR) were used as an adhesive material. Silica, polystyrene (PS), and poly(methyl
methacrylate) (PMMA) spheres were used for adhesion test. Diameters of these spheres were 5, 10, and 50 um for silica,
12 pm for PS, and 8 um for PMMA spheres.
Sample preparation and adhesion test of spheres with rubber surface

Thin rubber films with thickness around 500 nm was prepared by a spin cast method. Rubber films with large thickness
compared to the diameter of the spheres were prepared by a solvent cast method. For thicker films, a crosslinked BR film
was also made. 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 scanning

electron microscopy (SEM) after resting the samples for a designated length of time.

3. Results and discussion

Figure 1 shows an SEM image of the interface between a silica sphere with a 10 um diameter 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 less than few seconds, so the rubber meniscus must have formed immediately after the spheres
were deposited. 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.



Because the rubber meniscus formed on the spheres, 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. Figure 2 shows
SEM images of this sedimentation, as well as similar sedimentation features for
PS 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 3
shows the time-dependence of sedimentation for all three types of spheres.
According to Figure 3, the sedimentation behavior indicated by the shape of the
curves was nearly identical for all spheres. Additionally, the sedimentation
velocities were also similar for all spheres, even for spheres with very different
surface free energies. The sedimentation was caused by a meniscus force, Fmeniscus,

which acted on the sphere in the direction of the rubber film:
_ _ o, 1,1 .
Fmeniscus = Frap + Feap= 71 K(Fl+;2)+ 2rmrpusin(g+ 6)  (R1>0, Re<0), (1)

where Fryp is a Laplace force caused by a Laplace pressure between rubber/air
interface, Fcqp is a capillary force working around the meniscus, . is the surface
tension of rubber film, r is the contact radius, and other parameters are shown in
Figure 4a. The Fmeniscus depends on the shape of meniscus and ., and does not
directly depend on the physical properties of the sphere, then the sedimentation
behavior does not exhibit a strong dependence on the physical properties of the
spheres.

Figure 3 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 line to the sphere at its final position, Gng, Was
calculated using &/D at the final depth. These values were 45°, 26°, and 23°,
respectively. To consider the factors that determine the final sedimentation
position of the spheres, we assumed that &:ng Was equal to the equilibrium contact
angle, G, in Young’s equation:

2)

Here, » and . are the surface free energy of the solid and liquid, respectively,

% = .C0SB:q + J5L.

and ys 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. Namely, in equilibrium,
Young’s equation is valid for the tangential line to the sphere. To verify whether
this theory also held in our system, in which spheres were present at a viscoelastic
material-gas interface, we determined &4 by the following experiment and
compared the values of &4 with &4 Pieces of BR with an equilibrium contact

area diameter of around 30 um were placed on silica glass substrates. The final
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Figure 1. SEM image of the interface
between a thin BR film and a silica

sphere. 10 um sphere diameter; 500
nm BR film thickness.
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Figure 2. SEM images of PS spheres
deposited on a thick BR film. 160 um
BR film thickness; 10 pm silica sphere
diameter; resting times: (a) 5 min, (b)
30 min, (c) 10 h, and (d) 792 h.
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Figure 3. Resting-time-dependence of
sedimentation ratios for silica, PS, and
PMMA spheres in a thick BR film.
Sphere diameters: silica 10 um, PS 12
pum, and PMMA 8 um; BR film
thickness: 160 um.
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Figure 4. Schematics of (a) a
meniscus between a sphere and rubber
film and (b) a terminal contact angle
Geng and an equilibrium contact angle
Geq in Young’s equation.



contact angle reached a value of 43°, which was broadly consistent with the &nq 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 é:nq becomes equal
to 6 (Figure 4b).
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. . . . Figure 6. Resting-time-dependence of
the positions predicted by Young’s equation and thus the final depths were segimentation rzgios of Siﬁca spheres

in a crosslinked BR film. 5 um silica
sphere diameter; 160 um BR film

influenced by the physical properties of the rubber film, such as surface free  thickness.

different. These results indicate that the sedimentation mechanism is strongly

energy and viscoelasticity.

4. Conclusions

In this paper, we have reported the adhesion characteristics between microspheres and BR surfaces. In the case of the
rubber films, with large thicknesses compared to the sphere diameters, sedimentation of the microspheres occurred. The
driving force of sedimentation was the meniscus force. The sedimentation behavior mainly depended on the physical
properties of the rubber, but it was nearly independent of the physical properties of the sphere. The sedimentation
eventually stopped when Young’s equation was valid on tangential line of sphere. In other words, the angle between the

rubber surface and the tangential line of the sphere in its final position is equal to the equilibrium contact angle.



