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Instability of Hollow Polymeric Microspheres
upon Swelling

V. A. Eremeyev®, A. B. Freidin®,
V. N. Pavlyuchenko”, and Corresponding Member of the RAS S. S. Ivanchev®

Hollow polymeric microspheres of submicron
dimensions are widely used in modern technology [1].
Since such microspheres possess a high light scattering
power, they are used, for example, in the paper industry
as white pigments and in the production of paintwork
materials. The light is most effectively scattered by
microspheres with diameters about 400-500 nm and
wall thicknesses about 50 nm. A promising technology
for manufacturing such microspheres is based on aque-
ous emulsion polymerization reactions [1]. As a rule,
the technological process consists of a large number of
stages and involves the isolation of intermediate prod-
ucts. Recently, we have developed [2, 3] a simplified
“one-pot” technology, according to which the process
is carried out in a single reactor and involves only three
successive stages: (1) the production of a particle core
on the basis of a carboxyl-containing copolymer;
(i1) the formation of a polymeric shell around the
nucleus; and (iii) the neutralization of carboxyl groups
of the core. The latter process is performed using a base
at a temperature above the glass transition temperature
of the shell polymer and leads to the ionization of car-
boxyl groups, their hydration, swelling of the core
copolymer, and expansion of the shell. As a result,
water-filled cavities are formed. On cooling, the poly-
mer of the shell transforms from a highly elastic state
into a glassy state. Drying of the particles is accompa-
nied by the diffusion removal of water from the cavi-
ties. In the first two stages, chemical processes are most
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significant, whereas, at the third stage, it is also neces-
sary to take into account considerable deformations of
the polymer shell, since the hollow volume can increase
due to expansion by a factor of 10 compared to the ini-
tial core size. Thus, from the standpoint of mechanics,
at the third stage we deal with the expansion of a non-
linearly elastic thick-walled shell made of a highly elas-
tic material. Here, the volume of liquid in the hollow
acts as a parameter of loading. One of the serious prob-
lems that arises in realizing the technological process
described above 1s that, during the formation of cavities
in the initial particles, the spherical shape of the shell
can be distorted. Previously [1], in order to explain this
phenomenon, some assumptions were made concern-
ing the effect of residual stresses after water removal
from the hollow of a particle, the rupture of the shell
material at the stage of expansion, etc. However, the
factors actually responsible for the distortions of the
regular spherical shape of the particles are still not reli-
ably established. It is also unclear when the particles
with a defect structure appear at the third stage (during
expansion or upon cooling, ie., during the polymer
transition from a highly elastic state to a glassy state).

In this paper, it is shown that the loss of sphericity
can be associated with instability of the shell in the
course of expansion. We investigated the loss of local
stability in a thick-walled spherical shell made of a
highly elastic incompressible material with respect to
axisymmetric perturbations retaining the hollow vol-
ume. The shell is assumed to be loaded by the internal
hydrostatic pressure produced by the mcompressible
liquid absorbed by the hydrophilic core.

In the framework of the three-dimensional nonlinear
theory of elasticity, the instability under the conditions
of extension was investigated by Zubov et al. [4-6]. In
particular, the investigation [4] of the instability of an
elastic beam on tension showed that the bifurcation of
equilibrium takes place only in the case when the defor-
mation diagram (stress—strain curve) has a descending
region. A similar situation is observed during expansion



0.06
0.05
0.04
0.03
0.02

0.01f

R(b)
s = —=
b-1
Fig. 1. Diagrams of expansion for various shell thicknesses

h = 0.1, 0.05, and 0.01 and the bifurcation points corre-
sponding to various mode numbers 7.

of a nonlinearly elastic cylinder [5, 6]. Various prob-
lems of the mechanics of materials having descending
regions on the deformation diagram were discussed
in [7, 8]. Using methods of the theory of shells, the
problem of stability of an expanded elastic sphere was
earlier solved in [9], where the forms of the loss of
sphericity of the shell after expansion were also found.
Instability of a spherical shell during expansion was
also considered in [10], where a mechanism of the dis-
turbance of the symmetric spherical shape due to the
instability was associated with the appearance of non-
symmetric solutions at rather high loads. The existence
of analogous nonsymmetric solutions to the problem of
equilibrium of a symmetrically loaded round plate
under the conditions of increasing transverse load was
demonstrated by Morozov [11]. The maintenance of
the optimum spherical shape of a polymer shell during
expansion offers an example of the problem of optimal
design for elastic bodies [12].

Initial state. The basic relationship for a highly
elastic material was chosen in the form described by the
Bartenev—Khazanovich model [13]

D = 2uA-pC',

C=gadR, A=U'.C, U=(C-c)”? O
detC = 1.

where D is the Piola stress tensor, C is the deformation
gradient, R is the radius vector of a point of a body in
the deformed state, p is the response “pressure” (which
is the unknown function of the coordinates and is inde-
pendent of deformation), and p is the elastic constant
(playing the role of the shear modulus for small defor-
mations).

The radially symmetric deformation of an
incompressible body is described by the following
formulas [13]:

3
R =13r-c,

=09, 0=0,

where (R, @, ©) and (7, ¢, 0) are the Euler and Lagrange
spherical coordinates, respectively; and c is the defor-
mation parameter. Since the volume V of the liquid dif-
fusing in the hollow is a control parameter, the param-
eter c in this study is given by the formula ¢ = 3/4n(v—V),
where v is the hollow volume before deformation.
Thus, a hard loading of the shell is realized in this prob-
lem in the class of radial-symmetric deformations,
whereby displacements are set on the hollow surface.

The equilibrium equations and the boundary condi-
tions can be written as

dD D,, — Dgy, B’
rr+2 rr — O, D = _p°=,
dr r el p b

@3]

where D,, = 21 — (pR*/7*), Dgg = Dy = 24 — (pr/R)
are the diagonal components of the Piola stress tensor
in the (e,, €y, €,) basis related to the Lagrange spherical
coordinates; A = R(a); B = R(b); a and b are the internal
and external radii of the shell before deformation,
respectively; and p® and p' are the external and internal
pressures acting on the shell, respectively. From (1) and
(2), it follows that p does not depend on r and is deter-
mined by the relations

b’ i a
p=p —2MB—2 =P —2HA—2,

which yields the following relation for the internal
pressure:

i b a
p=r +2H(B—2—A—2)-

In what follows, the external pressure p® is assumed to

be zero (and the index “i” at the pressure is omitted).

Figure 1 shows the deformation (expansion) dia-
grams plotted as the internal pressure versus the inter-
nal shell surface displacement for various values of the
shell thickness & = (b — a)/b. It can be shown that, for a
spherical thick-walled shell, a descending region is also
observed for other commonly used models of rubber-
like materials (such as the Treloar material, Mooney—
Rivlin media, Ogden materials at certain values of elas-
tic constants, etc.).



Instability. The stability of equilibrium of a nonlin-
early elastic body (under conservative external loading
conditions) is conventionally investigated using the
Euler static method. This method is based on an analy-
sis of equilibrium states slightly differing from the
given state, with determination of the values of loading
parameters under which the existence of nontrivial
solutions to the equations of equilibrium with appropri-
ate boundary conditions (linearized in the vicinity of
the given state) is possible.

The linearized boundary-value problem for a sphere
in the geometry of a reference configuration and in the
absence of mass forces has the following form [13, 14]:

r=a=pn-Cy - (gradw)’ - Cy',
3)

divD' =0, n-D’

n'D‘ r=b — O,

where the upper dots denote the linear increments of the
corresponding parameters resulting from the superposi-
tion of small additional displacements w (for example,

D = c—;l'—c D(C, + tgradw)|, _), the subscript zero refers

to the parameters calculated in the initial deformed
state, and n is the normal to the shell surface.

Consider the axisymmetric perturbations
W = ue,+ veg, 4)

and assume that the volume of the hollow filled by the
liquid remains unchanged, which imposes the integral
constraint on w:

/2
2 j u|,_,cos® do = 0. (5)

-n/2

In addition, these perturbations do not alter the pressure
in the liquid filling the hollow, which is taken into
account in boundary conditions (3).

Isoperimetric condition (5) excludes radially sym-
metric perturbations from consideration. Thus, consid-
ering the axisymmetric perturbations, we deal with the
loading conditions intermediate between hard loading
(when fixed displacements on the inner shell surface
are set) and soft loading (when the hydrostatic pressure
is set). In the former case, the stability of the shell is not
lost. In the latter case, the shell becomes unstable with
respect to the radially symmetric perturbations when
the maximum on the deformation curve is reached

(Fig. 1).

For the Bartenev—Khazanovich type material, the lin-
earized Piola stress tensor has the following form [15]:

D' = 2uA"-p'Cy + pCy - (gradw)’ - €', (6)
A = y(e,Rey—e,R®e,),
EHIEEER)
X = R T ar r\de '
The transformation of linearized equilibrium equa-
tions (3), the boundary conditions, and the linearized

condition of incompressibility with allowance for
expressions (4) and (6) leads to the system of equations

R°op’ 1 9x) _
_F-é-r-+2u (Xtane—é-é) 0, o
1dp. I Z)
R 96 +2“(ar+r =0
Rou 1(9v _
78_;»4_1_?(%_‘/&“164-2”) =0, )]
ov 1(du r R _
G ) (Hr =0 ©

and the boundary conditions (at r = a and r = b)

. du _ 1(du _
-p +2u§_0, X+E(a—e—V)—0 (10)

A solution to the boundary-value problem (7)—(10)
is found in the form of expansion in terms of the Leg-
endre polynomials

u= Z u,(r)P,(sin®), v = Z v, (r)P.(sin®)cosH,
n=2 (11)

n=2

p" = p(r)P,(sin®).

n=2

The value of n = 1 corresponds to the motion of the
sphere as a rigid body and is not considered below. It
can be seen from solution (11) that, by virtue of the
orthogonality of the Legendre polynomials, the volume
of the hollow inside the shell, which is filled by an
incompressible liquid, remains unchanged. Therefore,
condition (5) is fulfilled automatically. Substituting
expression (11) into equations (7)—(10), we arrive at a
linear homogeneous boundary-value problem for the
system of ordinary differential equations for u,, v,,
and p,,.



Fig. 2. The form of the loss of the spherical shape stability
forn=2.

The critical values of the internal pressure were
found numerically under the condition of nontrivial
solvability of this boundary-value problem. In Fig. 1,
the corresponding values are marked by dots on the
deformation diagrams. As can be seen, these dots
belong to the dropping section of the diagram, by anal-
ogy with the results obtained for the beam tension [4]
and the cylinder expansion [5, 6]. We have calculated
the number n of the expansion mode corresponding to
the instability. It turned out that the mode appearing
first always corresponds to n = 2. As can be seen from
Fig. 1, the first bifurcation point is rather distant from
the point of maximum in the diagram. This means that
the stress—strain state of the shell, corresponding to the
initial region in the descending branch of the deforma-
tion diagram, is locally stable. The forms of the insta-
bility are shown in Fig. 2.

Thus, the nonspherical shape of the initially spheri-
cal particles can result from the instability during
expansion. Note that deformed spheres having a shape
similar to that shown in Fig. 2 were observed in exper-
iment [2]. The instability can be avoided if the polymer
shell is made of a material whose deformation diagrams
have no descending regions or if we can exclude the
system passage to such a descending region.
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