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Abstract

The visualization method of observing coating film structure during freeze-drying by Cryo-SEM was 
developed. The immersion method was investigated for rapidly freezing coating film and liquid ethane 
was considered the most suitable cryogen for stabilizing coating film structure with organic solvent. The initial 
rate of temperature change was enough for preventing samples from crystallizing by applying the calculated 
results of the rate of temperature change during immersion. The observation results of frozen coating films 

coated with some solvents revealed the sectional structure change as elapsed freeze-drying time.

Introduction1. 

The internal structure of a coated film could heretofore be 

evaluated only in a dry film state after drying, and in most 

cases the structure formation process could not be clearly 

understood.  A technique of fixing a structure by freezing 

a coating film in the course of drying and performing 

observations with a Cryo-SEM has been suggested 1), 2) as a 

method for observing the structure during drying.  However, 

in these research, the observations could be successfully 

performed only with a high-viscosity coating liquid using 

water as a solvent.  The present research was carried out with 

the object of applying the Cryo-SEM method to a coating 

film using a low-viscosity organic solvent and observing a 

structure during drying.

Development of Rapid Freezing 2. 
Technology

In order to observe a coating film during drying, it is 

necessary to prepare a sample so as to prevent the internal 

structure of the coating film from fracturing.  A method of 

fixing by chemical bonds is generally known, but such fixing 

takes time and, therefore, the internal structure changes.  

Further, because it is possible that the structure will change 

during reaction, it is desirable that fixing be performed in an 

as-prepared state, without inducing a reaction with elements 

contained inside the film.  Accordingly, a rapid freezing 

method is known as a method for fixing a non-equilibrium 

state, such as observed during drying of a coating film.  With 

this method, the movement of molecules and ions can be 

physically stopped by rapidly freezing a sample containing 

water or organic solvent, and the method is optimum for the 

object of the present research.  When such freezing of a liquid 

sample is performed, structural changes caused by crystal 

growth require most attention.  Fig. 1 shows the relationship 

between nucleation temperature and size of crystal during 

phase transition of water into ice 3).  It is clear that the 

lower is the nucleation temperature, the smaller is the crystal 

size.  In other words, from the standpoint of fabricating an 

undeformed sample, it is important to produce an overcooled 

state and uniformly and rapidly freeze the entire sample.

Fig. 1   The relationship between nucleation temperature and the 
size of crystals.

Estimation of Freezing Rate2.1 

When a rapidly frozen sample is produced, the freezing rate 

is the most important factor.  Crystal growth advantageously 

occurs typically when freezing is carried out at a rate of equal 

to or higher than 1000-10000 K/s 4), and a sample can be 

produced that can be observed under an electron microscope.  

A freezing rate was calculated by solving a heat diffusion 

equation in order to estimate quantitatively the freezing 

rate and sample state.  Fig. 2 shows the results obtained in 

calculating the freezing rate at an immersion rate of 0.1 m/s, 

10 m/s.  Two blue lines represent freezing time at respective 

immersion rates.  It was found that the initial rate can be 

increased and the necessary freezing rate can be obtained by 

raising the immersion rate.
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Fig. 2   The effect of immersion rate on the rate of temperature 
change.

Method for Preparing Frozen Samples 2.2 5)

Fig. 3 shows a flowchart of frozen sample preparation 

process.  A coating liquid was dropped on a substrate to 

coat the substrate and rapid freezing was then performed 

by immersion in a cryogen.  The freezing temperature 

was about -170°C.  The sample subjected to freezing was 

fixed to a sample stand, sliced to perform cross-sectional 

observations, and fixed so that the sliced section was on top 

of the sample stand.  The fixed sample was transported into a 

sample chamber of a SEM in liquid nitrogen so as to prevent 

contact with atmosphere, and Cryo-SEM observations were 

performed.

Cryogen

Substrate

Coating liquid

ObservationsSlicing

Freezing

Drying

Coating

Fig. 3  Flow chart showing preparation of the frozen samples.

Rapid Freezing Experiments3. 

The effects produced by the cryogen and solvent and 

physical properties of the coating solution when a coating film 

was frozen were studied.  Various solvents having different 

viscosity were frozen with various cryogens, and surface 

state and shape variations were compared.  A freezing test 

was carried out by using water and methyl ethyl ketone 

(referred to hereinbelow as MEK) as a typical organic solvent 

and changing viscosity.  The comparison was also carried 

out by using liquid nitrogen and liquid ethane as cryogens.  

Properties of the cryogens are shown in Table 1.  A heat 

transfer rate of the cryogen itself is lower in liquid nitrogen 

and higher in liquid ethane.  However, because latent heat 

of evaporation is absorbed from the sample in the course of 

phase transition, it is also probable that the freezing rate in 

liquid nitrogen will increase.  Accordingly, these effects were 

confirmed by actually freezing the samples.

HighLowHeat transfer rate

LiquidLiquid  gasPhase of cryogen 
during freezing

MediumLowDamage to sample

-170°C-196°CTemperature

Liquid ethaneLiquid nitrogen

Table 1  The Characteristics of Cryogen.
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Fig. 4   The effect of viscosity and solvent on the shape of droplet 
frozen by liquid nitrogen.

Effect of sample is decreased as viscosity is increased

M
E

K
 system

W
ater system

Low

H
ighViscosity

Surface is 
deformed Good frozen state is obtained

Fig. 5   The effect of viscosity and solvent on the shape of droplet 
frozen by liquid ethane.

The results obtained in freezing with liquid nitrogen are 

shown in Fig. 4, and those obtained in freezing with liquid 

ethane are shown in Fig. 5.  In order to study the effect 

produced by cryogen on the surface state, a forced test was 

carried out in which a coating liquid was dropped and frozen 

and then shape variations and surface state were studied.  As 

a result, where liquid nitrogen was used as a cryogen, good 
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frozen state was obtained when the viscosity of water system 

was high.  By contrast, when MEK was frozen, the surface 

deformed.  Where freezing was performed in liquid ethane, 

a comparatively good frozen state was obtained at a certain 

high viscosity.  Further, when freezing was performed in liquid 

nitrogen, a white turbid frozen sample was obtained, apparently 

due to crystallization of the solvent.  Where solvent crystallizes, 

the internal structure deforms and collapses.  Therefore, a 

conclusion was made that liquid ethane is especially suitable 

for freezing organic solvent systems.

Cryo-SEM Observations4. 

Samples prepared using coating liquids shown in Table 2 

and changing the freezing time were observed.

Polycarbonate
PolystyreneTetrahydrofuran 

Silica particles
(mean particle size: 200 nm)

Methyl 
ethyl ketone 

Latex particles
(mean particle size: 130 nm)

Water Coating liquid (1)

Coating liquid (2)

Coating liquid (3)

SoluteSolvent 

Table 2  The Solvent and Solute of Coating Liquid.

Fig. 6   The change in structure with time observed by Cryo-SEM.

Figs. 6(a), (b) show SEM observation photos obtained with 

the coating liquid (1).  (a) shows a structure immediately after 

coating, and (b) shows a structure observed in 10 min after 

coating.  The structure shown in (a) has cavities, whereas 

in the structure shown in (b), the particles are packed and 

density is increased.  Thus, variations in particle dispersion 

state with time could be picked up and it was found that the 

latex particles used in the present test were regularly arranged 

on the surface and inside the sample as the drying progressed.  

Further, Figs. 6(c), (d) show structures obtained with the 

coating liquid (2) using MEK, which is an organic solvent, 

as a solvent.  (c) shows a structure immediately after coating, 

and (d) shows a structure observed after drying for 1 min.  

As the drying progressed, the particle density increased and 

the start of aggregation was observed in part of the sample.  

The observation results suggest that particles dispersed in 

a coating liquid state, but aggregation started with increase 

in concentration.  Finally, Figs. 6(e), (f) show the frozen 

structures obtained by coating the coating liquid (3), which is 

a polymer mixture system, containing no particles.  In (f) that 

represents a state in 1 min after coating, it was observed that a 

film started forming on the surface and the internal structure 

also changed significantly, and it was thus found that the 

structure undergoes significant changes.

Conclusion5. 

The internal structure could be fixed by performing rapid 

freezing of coating film of a low-viscosity solvent system by 

immersion.  Further, the structure of the coating film that 

changed with the drying time was actually observed by a 

Cryo-SEM method and a pattern of structure variations inside 

the film during drying could be observed.
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