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Abstract. When a polymer solution with volatile solvent is dried, skins are often formed at the surface of
the solution. It has been observed that after the skin is formed, bubbles often appear in the solution. We
conducted experiments to clarify the relation between the skin formation and the bubble formation. We
measured the time dependence of the thickness of the skin layer, the size of the bubbles, and the pressure
in the solution. From our experiments, we concluded that i) the gas in the bubble is a mixture of solvent
vapor and air dissolved in the solution, ii) the bubble nucleation is assisted by the pressure decrease in the
solution covered by the skin layer, and iii) the growth of the bubbles is diffusion limited, mainly limited
by the diffusion of air molecules dissolved in the solution.

1 Introduction

The drying of polymer solutions is an important process
in many technologies, such as coating, film making and
printing. It is well known that the drying condition is quite
important in the process. Without careful control of the
drying condition, one often gets troubles in the resulting
products.

A source of such troubles is the skin layers formed at
the surface of polymer solutions. As the solvent evaporates
from polymer solutions, the polymer concentration near
the surface becomes high, and polymers often form a layer
which has distinctively different rheological property from
that of bulk solution. The layer is called skin. The skin
layer is considered to be an elastic membrane though the
detailed rheological study has not been done.

It is known that once such skin layer is formed, it cre-
ates various problems. For example the surface of the dried
polymer films is not flat; dimples and wrinkles often ap-
pear and bubbles remain trapped in the film.

Despite the importance of the skin layer in the appli-
cations, not many scientific studies have been done on the
skin layers. de Gennes [1] first discussed the theoretical
model for the skin layer (he called it crust). Okuzono et
al. [2] gave a condition for the skin layer to be formed.
Experimentally, Pauchard and Allain [3,4] studied vari-
ous dimple patterns formed in the drying droplets. Kajiya
et al. [5] discussed the effect of skin layer formation in the
coffee stain problem [6] of polymer solutions. However,
there still remain many open questions, e.g., how thick
the skin layer is, and how it grows in time, how it changes
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the rheological properties of the surface [7], and how it
affects the drying speed, etc.

The previous studies of the skin layer was focused on
the deformation of the solution surface caused by the skins
such as dimples and wrinkles [3–5]. In this paper we focus
on another important aspect of the troubles caused by the
skins, i.e., bubble formation.

It has been known that when polymer solutions are
dried quickly, bubbles often appear in the solution and
remain trapped in the final product. The question we ad-
dress here is why the bubbles are formed and how they
are related to the skin formation.

To answer to these questions, we conducted experi-
ments on the drying of two polymer solutions, polyvinyl
acetate (PVAc) and polymethyl methacrylate (PMMA)
in acetone. For these samples, we were able to take out
the skin layer and measure its thickness and stiffness. We
also observed the processes of formation and growth of the
bubbles in such solution. By combining these information,
we will answer the above questions for these systems.

2 Experiments

2.1 Samples

The polymers we used are poly-vinyl acetate (PVAc)
and poly-methylmethacrylate (PMMA). They have sim-
ilar chemical structure, but their glass transition tem-
peratures Tg are considerably different. Their molecular
weights are shown in table 1. Young’s modulus in the ta-
ble is Young’s modulus of the skin layer obtained by the
method described in sect. 2.4.
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Table 1. Samples.

Tg (◦C) Mw (g/mol) Young’s modulus (Pa)

PMMA 104 996000 7 × 107

120000 4 × 107

PVAc 28 500000 9 × 105

113000 6 × 105

Fig. 1. The method of taking out the skin layer.

Acetone was used as solvent for both polymers. The
initial concentration of the polymers was varied from 5
wt% to 40 wt%.

2.2 Drying experiment

The drying experiments were done in a cylinder (inner di-
ameter 34.5 ± 1.5 mm, height 20 mm). The cylinder was
placed on an electric balance and the weight of the sam-
ple was monitored during the drying experiment. The dry-
ing rate (g/min cm2) was calculated from the loss of the
weight per minutes divided by the cross-section of the
cylinder.

2.3 Measurement of skins

The time variation of the thickness of the skin layers was
obtained by the procedure shown in fig. 1. After the solu-
tion is dried for a certain period of time, the cylinder was
tilted and the remaining liquid was poured out. When the
skin layer is formed, a film remains at the top surface.
The film was then dried, and the thickness of the dried
film was measured by a micrometer.

This operation of taking out the skin layer was easy
for the PMMA solution which forms stiff skin layers. For
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Fig. 2. Drying rate of PMMA solutions are plotted against
the elapsed time for many experiments. The symbol “5 min”
indicates the experimental result conducted to measure the
skin thickness after 5 minutes.

PVAc solution, it was difficult to take them out in the
early stage as they are too soft to be taken out.

The time dependence of the thickness of the skin layer
was obtained by repeating the above experiments for many
samples prepared and dried under the same condition. Ut-
most care is taken to ensure that the drying is done in the
same condition. This was checked by measuring the dry-
ing speed. As is shown in fig. 2, we were able to reproduce
the same drying speed for many experiments for the same
solution. The crucial factor in getting such reproducibility
was the height of the cylindrical container and the initial
depth of the polymer solution. All experiments were done
at room temperature (25 ± 1 ◦C).

Figure 3 shows the growth of the skin thickness for
PMMA solution of molecular weight Mw = 120000. The
skin layer was not formed for the first 45 minutes (meaning
that all material flowed out when the container was tilted),
but starts to appear around t = 45min, and grows in time.

Figure 4 shows the growth of the skin layer for PMMA
solution with high molecular weight (Mw = 996000). It is
seen that the skin is formed shortly after the drying starts,
and that the growth speed increases with the increase of
initial polymer concentration.

2.4 Estimation of Young’s modulus of skins

To estimate Young’s modulus of the skins, we conducted
the experiment shown in fig. 5. The polymer solution was
dried in a rectangular trough. After the skins were formed,
the bottom liquid was poured out, and the wet sides of the
two skin layers were stuck together to make the specimen
for the mechanical test. The elasticity of the specimen was
measured by the stretching machine. The result are shown
in table 1. The skin of PMMA solution is hard and glassy,
while that of PVAc solution is quite soft.



Eur. Phys. J. E (2012) 35: 57 Page 3 of 9

Fig. 3. (a) Thicknesses of skin layers for PMMA solution of Mw 120000 initial concentration 20 wt% is plotted against the
elapsed time. (b) Top views of the sample.
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Fig. 4. Time dependence of the thickness of the skin layer of
PMMA solution (Mw 996000) for two initial concentrations:
20 wt% and 15 wt%.
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Fig. 5. The method of making samples to measure Young’s
modulus of skins.

Fig. 6. Bubbles seen in the drying of PVAc/acetone solution
(Mw = 500000, initial concentration 25 wt%) depend strongly
on the evaporation rate. (a) An isolated bubble is seen at
proper evaporation rate. (b) Many bubbles appear at fast evap-
oration rate. (c) No bubbles appear at slow evaporation rate.
The evaporation rate is controlled by the wall height of the
container.

2.5 Skin formation and bubble growth

Figure 3(b) shows the top views of the sample shown in
fig. 3(a). For the first ca. 45 minutes, the sample looked
the same as the initial solution, and the skin layer was
not detected by the test explained in fig. 1. After an hour,
the skin layer started to be seen. The formation of the
skin layer was also seen by the deformation of the sample
surface: before the skin was formed, the sample surface
was flat, and the meniscus moved down uniformly. After
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Fig. 7. Phase diagram for the bubble appearance; circle: bubbles always observed; cross: bubbles not observed; triangle: bubbles
observed for some samples, but not for all samples. (a) PMMA/acetone solution; (b) PVAc/acetone solution.

the skin was formed, the surface started to curve since the
outer edge of the surface was pinned to the wall container,
while the central part of the surface kept moving down.
After 2 hours later, bubbles were seen at the edge of the
surface. As time went by, the surface became more curved,
and the number of bubbles increased.

Similar phenomena are observed in other samples, but
the appearance of the bubbles varied depending on the
polymer, their molecular weight, and the initial concentra-
tion, etc. Figure 6(a) shows the bubbles formed in PVAc
solution (Mw = 500000, 25%) dried in the same condition
as the PMMA solution. In the PVAc solution, an isolated
bubble is often seen when the drying was done in a mild
condition. Such bubbles are suited for the study of bubble
growth. If the drying speed is increased, many bubbles ap-
pear in the solution (see fig. 6(b)). If the drying speed is
decreased (e.g., by exposing the solution to solvent vapor),
no skins and therefore no bubbles were seen.

We conducted the experiments by changing the molec-
ular weight and concentration of the polymer, and checked
whether the bubbles appear or not in the final sample. The
results are summarized in fig. 7, where the circle indicates
that the bubbles are formed, the cross indicates that no
bubbles are formed, and the triangle indicates that the
result depends on the samples. In the case of PMMA,
bubbles are always seen at high concentration for both
molecular weight. In the case of PVAc, bubbles are seen
only for samples of high molecular weight and at high con-
centration.

These observations indicated that skin formation is a
necessary condition for the bubble formation: Bubbles are
not formed if skins are not formed. On the other hand, the
skin formation does not necessarily lead to bubble forma-
tion. In certain conditions, bubbles were not observed for
the samples which shows the skin formation.
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Fig. 8. Time dependence of the bubble radius, and the pres-
sure of PMMA solution (Mw = 996000, initial concentration
= 15 wt%).

2.6 Measurement of bubble growth

The time dependence of the bubble size was measured by
the following procedure. We chose samples which contain
an isolated bubble and obtained the time dependence of
its radius from the area of the bubble image. Such mea-
surement was not possible for all solutions. For some so-
lutions, bubbles move toward the edge of the skin layer
(due to the curve of the meniscus), and it was difficult to
measure their size. In the PMMA solutions at high con-
centration, many bubbles appear and they coagulate to
form a larger bubble. As a result the growth curves were
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Fig. 9. Experimental setup to measure the pressure in the solution.

 0.5

 0.6

 0.7

 0.8

 0.9

 1

 1.1

P 
(r

ea
l) 

  [
at

m
]

P (calc)   [atm]
0.5 0.6 0.7 0.8 0.9 1 1.1

Fig. 10. Pressure calibration for the method shown in fig. 9.

obtained for limited cases, but they are sufficient to show
the general trend in the bubble growth dynamics.

An example of the bubble growth in the PMMA solu-
tion is shown in fig. 8. In this case, the bubble appeared
about 20 minutes after the start of the evaporation, and
grew in time. The growth eventually stops when the solu-
tions became glassy. The growth curves of other samples
are shown later in the discussion section.

2.7 Measurement of the pressure change in the
solution

The downward curving of the sample surface described
in sect. 2.5 indicates that the pressure in the bulk liq-
uid is less than the atmospheric pressure. To confirm this,
we measured the pressure in the bulk liquid by the setup
shown in fig. 9.

Silicone oil is first poured in the cylindrical container,
and a glass tube which contains an air bubble is inserted.
The polymer solution is then poured on top of the silicone

oil. Due to the difference in the density, the polymer solu-
tion stays above the silicone oil as in fig. 9. In this set up,
the silicone oil can be regarded as a pressure transmitter
(the dissolution of polymer solution and the air into the
silicone oil is negligible.) Therefore the pressure in the bulk
solution can be obtained by measuring the volume of the
air bubble. If the pressure in the bulk liquid decreases, the
size of the air bubble increase. This is indeed seen in the
drying of PMMA solution (see fig. 11(a)). It clearly indi-
cates that the pressure in the bulk liquid indeed decreases
in time.

The accuracy of this primitive pressure measurement
is checked by placing the set up in a vacuum chamber,
and compared the measured pressure with that indicated
by the pressure meter in the vacuum chamber. The results
agreed reasonably well as indicated by fig. 10.

Figure 11(b) shows the time variation of the pressure
in the bulk liquid as the evaporation proceeds. In the case
of PMMA solution, the pressure decreased by ca. 10% in
the first 100 minutes, and stayed at constant value after-
ward. In the case of PVAc solution, the pressure did not
change in a measurable amount. The reason for this will
be discussed in the next section.

3 Discussion

3.1 Mechanism of the pressure decrease

The decrease of the pressure in the bulk liquid is consid-
ered to be caused by the mechanism explained in fig. 12.
Once the surface is covered by the skin, further evapo-
ration forces the skin to bend inward. This creates the
restoring force F (see fig. 12) which is balanced by the
pressure difference between the solution and the atmo-
sphere.

The restoring force F can be estimated as follows. Let
us assume that skin is an elastic plate having thickness h
and Young’s modulus E. If the center of the skin moves
downward by d as in fig. 12, the strain of skin ε is estimated
as ε ∼ 1

2

(
d
L

)2
, where L is the radius of the container.
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Fig. 11. (a) Growth of the air bubble trapped in the tube immersed in the silicone oil. (b) Time variation of the pressure in
the solution.
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Fig. 12. Mechanism of the negative change of the pressure.

Hence F is written as

F � 2πLEhε sin θ � πL · Eh

(
d

L

)2

sin θ (1)

and the pressure difference ΔP is estimated as

ΔP � F

πL2
= E

h

L

(
d

L

)2

sin θ. (2)

With the values of E (shown in table 1), θ ≈ 30◦,
h = 0.4mm, d = 2mm, L = 17mm, ΔP is estimated
to be 104 Pa for PMMA and 102 Pa for PVAc. These val-
ues are in agreement with the experimental results shown
in fig. 11(b). The reason that the pressure decrease was
not observed for PVAc solution was that the skins were
too soft to produce measurable pressure change. The stiff-
nesses of skins have an important role in changing the
states of the bulk liquids.

3.2 Dynamics of the bubble growth

The pressure change is considered to be the cause of the
bubble formation. As the pressure in the bulk liquid be-

comes less than the atmospheric pressure, the acetone in
the solution will evaporate and form the bubbles. How-
ever, this simple interpretation is not totally consistent
with our experimental observation.

1. Our experiment indicates that the pressure in the bulk
liquid is 0.9 atm for PMMA and 1 atm for PVAc. This
pressure is much larger than the vapor pressure of ace-
tone, which is ca. 0.3 atm. The difference cannot be
accounted for by the Laplace pressure which is at most
10−3 atm for a bubble of 1mm.

2. As it is indicated in fig. 8, the bubble size is not directly
coupled with the pressure change ΔP . Bubbles appear
at a certain time after the skin is formed, and grow
steadily even though the pressure remains constant.

These observations indicate that a significant part of
the gas in the bubble is the air dissolved in the solu-
tion. Consider the bubble in PMMA/acetone solution.
The pressure in the bubble is ca. 0.9 atm, but part of the
pressure is due to the vapor pressure of acetone, which is
0.3 atm. The partial pressure of the air in the bubble is
therefore 0.6 atm. Therefore the air in the bulk solution
will evaporate into the bubble, and increase the volume of
the bubble.

The equilibrium volume of the bubble (made of solvent
and air) created in a bulk solution in a closed container
can be calculated by using Henry’s law. This is done in
appendix A. In the case of PMMA solution, it is shown
that the equilibrium volume is about one fourth of the
bulk solution. The observed volume of the bubble is much
less than this, but this is due to the solidification of the
solution.

If the majority component of the bubble is the air, the
growth of the bubble size should be governed by the dif-
fusion of the air molecules (nitrogen and oxygen) in the
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bubble.

bulk solution. (Such diffusion-limited growth of bubbles
has been discuseed in geophysics [8,9].) Indeed, the ob-
served growth law is consistent with this interpretation.

Consider an isolated bubble of radius R in the solution
(see fig. 13). Let c(r) be the weight of air dissolved in a
unit volume at point r which is separated from the center
of the bubble by the distance r. The time evolution of c(r)
is determined by the diffusion equation

∂c

∂t
= Dp∇2c, (3)

where Dp is the effective diffusion constant for air dis-
solved in the solution. At r = R, c(r) is equal to the equi-
librium value cR: cR is determined by the vapor pressure
of acetone and the pressure in the bulk solution P0 −ΔP .
At r = ∞, c(r) is equal to c0, the value in the original
solution. Since c0 is larger than cR, the air diffuses in the
solution toward the bubble.

Since the change of the bubble radius R takes place
very slowly, we may solve eq. (3) using the steady-state
approximation, ∇2c = 0. The solution of this equation is

c(r) = cR +
(

1 − R

r

)
(c0 − cR). (4)

Therefore the flux of the air diffusing into the bubble per
unit time is

J = −Dp

(
∂c

∂r

)∣
∣
∣
∣
∣
r=R

= Dp
c0 − cR

R
. (5)

The mass balance of the solvent and air is written as
follows:

d
dt

(
4
3
πρgR

3

)
= 4πR2J, (6)

where ρg is the density of the gas in the bubble (we have
ignored the contribution of acetone evaporation). Equa-
tions (5) and (6) give the following time evolution equa-
tion for R:

dR

dt
=

(c0 − cR)Dp

ρgR
, (7)

which is easily solved as

R =
(

2
(c0 − cR)Dp

ρg
(t − τ)

)1/2

, (8)

where τ is the time at which the bubble starts to appear.
This time is called the induction time.

Equation (8) is compared with the experimental re-
sults in fig. 14. Figure 14(a) shows the case of PMMA
solution (Mw: 996000, 15 wt%) and (b) shows the case of
PVAc solution (Mw: 500000, 25 wt%). It is seen that the
agreement between the observed curve and the theoretical
curve is good.

The induction time is quite different for two solutions
(τ = 180min for PVAc solution, and τ � 20min for
PMMA solution), but the coefficients (c0 − cr)Dp/ρg are
similar to each other. The difference in the induction time
can be explained by the difference in the pressure change
ΔP . The PMMA solution has a stiff skin layer, and large
pressure change, while the PVAc solution has soft skin
layer, and small pressure change. This makes the large
difference in the induction time for the two solutions. On
the other hand, the coefficients are not very much differ-
ent since the parameters c0, cR, Dp are essentially deter-
mined by acetone and air, and will not depend on the
solute polymer.

Figure 15 shows the plot of R(t) against t−τ for many
samples. The filled marks indicate the PVAc solutions, and
the open marks indicate the PMMA solution. It is seen
that the growth of the bubble size is essentially described
by eq. (8) for all samples.

4 Conclusion

We have shown that the bubbles seen in the drying poly-
mer solution (PMMA/acetone and PVAc/acetone) are the
mixture of acetone vapor and air coming from the solution.
The bubble formation is closely related to the skin forma-
tion. Our experiment indicates the following scenario for
the bubble formation.

1. First, the skins are formed at the surface of the poly-
mer solution. Further evaporation of the solvent de-
forms the skin layer since the edge of the skin is fixed
to the wall of the container. The elastic restoring force
of the skin layer gives a negative change in the pressure
in the solution, and assists the nucleation of bubbles.

2. Once bubbles nucleate, air tends to diffuse from the
solution to the bubble since the partial pressure of air
in the bubble is less than the atmospheric pressure.
The growth rate of the bubble is dominated by the
diffusion of the air.

3. As the solvent evaporates further, the viscosity of the
polymer solution increases, and the system solidifies.
The bubbles are then trapped in the final product.

This scenario is consistent with our experimental ob-
servations: i) The induction time of PMMA/acetone so-
lution is much less than that of PVAc/acetone solution,
since the pressure change in PVAc solution is much less
than that of PMMA solution. ii) The bubble size increases
in proportion to the square of the elapsed time. Direct con-
firmation of our scenario may be possible by analyzing the
gas in the bubble, and/or by using a slippery wall which
does not pin the skin layer. This will be a future work.

Dimple formation?

Degas polymer solution first?
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Fig. 14. (a) Time dependence of the size of an isolated bubble formed in PMMA solution (Mw = 996000, initial concentration
15%). The symbols indicate the experimental value and the solid line indicates the theoretical curve (eq. (8)). (b) The same for
PVAc solution (Mw = 500000, initial concentration 40%).

Fig. 15. The radii of isolated bubbles are plotted against the
elapsed time since their appearance.

The authors are grateful to Y. Sumino and T. Kajiya for their
interest in this subject and their useful suggestions.

Appendix A. The air in the bubbles

We will calculate the equilibrium volume of the bubble
(i.e., the gas phase) in the PMMA/acetone solution for
the following idealized situation. The solution is assumed
to be in the container of fixed volume V0. Initially, the
solution occupies the whole volume V0 under pressure P0.
The amount of air dissolved in the solution is given by
Henry’s law

w0 = αP0V0, (A.1)

where α is Henry’s constant. Suppose that a fraction of the
solution is extracted from the system, and the pressure of
the container is changed from P0 to P = P0 − ΔP . Then
the solvent and the air evaporate and form the bubble. We
will calculate the volume of the bubble at equilibrium.

The partial pressure of acetone in the bubbles is the
saturated vapor pressure Pace The partial pressure of air
in the bubble is therefore

Pb = P0 − ΔP − Pace. (A.2)

Let Vb be the volume of the bubble, and wb be the weight
of the air in the bubble. They are related by the equation
of state of gas

Pb =
wbRT

MVb
, (A.3)

where M is the effective molecular weight of the air. On
the other hand, Henry’s law is written as

w0 − wb = αPb(V0 − Vb). (A.4)

Equations (A.2)-(A.4) give

Vb =
P0 − Pb

Pb
· 1

1
β − 1

V0, (A.5)

where β = αRT/M is the Ostwald number.
According to [10] the Ostwald number β of air in ace-

tone is 0.2 (at 25 ◦C). This gives Vb ≈ 0.17V0. This is the
equilibrium volume of the bubble. The value corresponds
to the upper limit of bubble volume. In the situation of
our experiment, the system is not in equilibrium: the sol-
vent keeps evaporating and solidification takes place. The
above analysis indicates that the volume of the air coming
from the solution is significantly large, and supports our
argument that the significant amount of the gas in the
bubble is air.
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