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ABSTRACT: To reveal the effect of drying conditions on shrinkage stress existing between a film and a substrate, a polystyrene/toluene

solution was coated on a glass substrate, and the volume fraction of toluene at the time when the stress starts to grow (/S) was meas-

ured at various drying temperatures and evaporation rates. /S decreased with increase of drying temperature at a constant evapora-

tion rate, while /S increased with increase of evaporation rate at a constant drying temperature. From these results, it was suggested

that the dominant factors affecting the starting point of stress were both the chain mobility and the measurement time-scale.

Considering the two factors, the tendency of /S with the drying conditions is quite similar to that of the solvent content at glass

transition point, and this fact indicates a strong correlation between the starting point of stress and the glass transition of coated

solution. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

The solvent cast method is a way to obtain polymer films which

are prepared by depositing a polymer solution onto a substrate

and converting the as-deposited liquid layer into a solid. Com-

pared with other processing methods for polymer film, such as

the inflation, calendar, and melt press methods, the solvent cast

films have some advantages, such as homogeneous thickness dis-

tribution, excellent transparency, free of specks, and low optical

retardation. Because of these features, solvent cast films have been

widely utilized in photographic, LCD, electrical, high-tempera-

ture, and other diverse applications.1 However, improper drying

conditions cause larger residual stress which is generated at the

interface between the film and the substrate during the solvent

cast process. Residual stress causes creases, interface delaminating,

and folds.2 To reduce residual stress, revealing its origin is desired

to develop a universal theoretical strategy which can be applied

to a lot of polymer solution systems. Nevertheless, optimum dry-

ing conditions to reduce residual stress have been achieved by

intuition and experience in various industrial fields.

Residual stress (rR) is the sum of the stresses which are generated in

a solvent cast process. Because, in general, the solvent cast films are

dried at higher temperature than the room temperature (Troom), the

solvent cast method consists of two processes: one is a ‘‘drying pro-

cess’’ to evaporate the solvent at the drying temperature (Tdry) and

the other is a ‘‘cooling process’’ to cool the film from the drying

temperature to the room temperature (Troom). We will define the

shrinkage stress (rS) as the stress caused by volume shrinking in the

drying process at the drying temperature, and the thermal stress

(rT) as the stress caused by a difference in the coefficient of thermal

expansion between a film and a substrate in the cooling process.

Therefore, the residual stress is expressed as follows:3

rR ¼ rS þ rT (1)

The thermal stress of polymer film on a substrate can be

expressed as eq. (2):3

rT � Efilm

1� mfilm
afilm � asubstrateð Þ Troom � Tdry

� �
(2)

where a, E, and m are the coefficient of thermal expansion,

Young’s modulus, and Poisson’s ratio, respectively. Equation (2)

shows that thermal stress depends on the mechanical constant,

the coefficient of thermal expansion of film and substrate, and

the difference between the drying temperature and the room

temperature. Therefore, the choice of materials dominates the

value of thermal stress, which is generated during the cooling

process at a fixed drying temperature. On the other hand,

shrinkage stress is too complicated to predict because it arises
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during the evaporation process, which is a transient and

dynamic process. This difficulty prevents us from revealing the

origin of shrinkage stress.

To simplify the mechanism of shrinkage stress, we focus on its

starting point based on Croll’s idea.4–6 Croll proposed a model

focusing on the glass transition temperature (Tg) of coatings. As

a coating dries, it loses solvent and must consequently shrink.4

Its thickness can contract, but the area is constrained by the

substrate. There is still some solvent left after solidification, but

the coating can no longer flow to satisfy the shrinkage due to

the solvent loss. On the basis of this idea, Croll assumed that

stress arises when the Tg of the solution equals to the drying

temperature (Tdry) and he evaluated the Tg of the solution with

the solvent volume fraction (/s) by differential scanning calo-

rimeter (DSC). Supposing that the volume corresponding to /s

shrinks isotropically, the shrinkage stress rS is evaluated by the

/s, the volume fraction of the solvent at Tg ¼ Tdry, and retained

solvent after drying (/r), shown as eq. (3).6

rS ¼ Efilm

1� mfilm

/s � /r

3ð1� /rÞ
(3)

It was reported that calculated rS at 23�C agreed with the

experimental value measured by the cantilever method.5,6 It

indicates that the assumption proposed by Croll (that the start-

ing point of shrinkage stress is the glass transition point) is con-

sidered to be reasonable to some degree. Thus, the starting

point of shrinkage stress is important to investigate its origin.

However, discussions about shrinkage stress7–11 have been based

on the assumption, not experimental results, that stress arises at

the Tg. As far as we know, there are few works12,13 experimen-

tally investigating the starting point of stress generation. In

addition, although it is well known that glass transition is

greatly affected by the time scale of the measurement, discus-

sions about the influences of the evaporation rate are lacking.

In this study, the drying temperature dependence of residual,

shrinkage, and thermal stress are discussed. Then we measure

the starting point of shrinkage stress development by in situ

monitoring of the stress and volume fraction of the solvent to

investigate the starting point by the comparison of glass transi-

tion point of the solution. In addition, the effect of the evapora-

tion rate on the starting point of stress development is studied.

EXPERIMENTAL

Materials and Sample Preparation

A polystyrene (PS: Mw ¼ 420,000, Styron G8102, Asahi-Kasei, Ja-

pan)/toluene solution with a concentration of 12 vol % (/ ¼ 0.88,

where / is the volume fraction of toluene) was prepared. At room

temperature, the solution was coated on a glass substrate (24 mm�
60 mm � 0.145 mm, NEO cover glass, thickness No. 1, Matsunami

Glass Ind., Japan) with a glass bar and a stainless thickness gage

(0.3-mm thick) as a spacer as shown in Figure 1(a). The sample was

moved to a drying chamber (inner size: 45 cm � 40 cm � 40 cm)

immediately after the coating and dried following the temperature

profile: the drying temperature Tdry was kept in a range from 20 to

80�C during the drying process and then naturally cooled down to

room temperature Troom ¼ 20�C. Aweighing dish was hanged from

the electric balance (AUW120B, Shimazu, Japan) using a thread to

monitor the solution weight during drying. We fixed the thickness

of all films � 15 lm, because it is reported that film stress has no

dependence on the thickness in the range from submicron to� 100

lm, in the absence of lamination or cracks.6 The evaporation rate

was controlled by an air pump, as shown in Figure 1(b). The flow

rates of air in the drying chamber ranged from 0 to 8 L min�1. The

evaporation rate was evaluated from the slope of solution weight

change at the beginning of the process.

Film Stress Measurements

During the drying and cooling processes, the strain of the sub-

strate (esubstrate) was in situ monitored by a strain gage (3-wire

system, Kyowa Electronic Instruments, Japan) which was attached

to the back side of a glass substrate and connected to a dynamic

strain recorder (PCD 300B, Kyowa Electronic Instruments,

Japan), as illustrated in Figure 1(b). The film stress (r) was

calculated from eq. (4)14 and the nominal parameters of the glass

substrate, where Esubstrate ¼ 71.5 GPa and msubstrate ¼ 0.23.

Esubstrate

1� msubstrate
esubstrate ¼ r (4)

DSC Measurements

To obtain the relationship between / and Tg, PS/toluene solutions

with various toluene volume fractions (/ ¼ 0, 0.0411, 0.117, and

0.306) were prepared in sealed DSC pans. After sealing, the speci-

mens were annealed at 30�C for >3 days to disperse the toluene

homogeneously into the PS. DSC measurement was performed at

various heating rates (q ¼ 5, 10, and 20�C min�1). Tg was eval-

uated as onset value in the heating process.

Figure 1. (a) Schematic diagram of applying PS/toluene solution onto a

glass substrate. (b) Schematic diagram of in situ monitoring system of

film stress and weight loss.
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RESULTS AND DISCUSSION

Drying Temperature Dependence of Residual Stress,

Thermal Stress, and Shrinkage Stress

Figure 2 shows the time dependence of the film stress during

the drying process (Tdry ¼ 40�C) and the cooling process (Tdry

¼ 40�C ! Troom ¼ 20�C). Thermal stress (rT) was estimated as

(rR � rS) from eq. (1). Neither lamination nor cracks were

observed in the sample after these processes. We conducted the

same experiment as Figure 2 with different Tdry ¼ 20–80�C. In
Figure 3, residual stress, thermal stress, and shrinkage stress as a

function of Tdry are plotted for PS film prepared from the PS/

toluene solution on a glass substrate. The residual stress has a

minimum value at Tdry � 50�C and it means that 50�C is

approximately the optimum temperature to minimize the resid-

ual stress in this system. As shown in eq. (1), residual stress can

be divided into thermal stress and shrinkage stress. In Figure 3,

the thermal stress linearly increases with Tdry, while the shrink-

age stress decreases monotonically. This indicates that the mini-

mum value of residual stress is determined by competition

between the other two stresses. By assigning the parameters of

the film and the substrate, Efilm ¼ 1.64 GPa, mfilm ¼ 0.33,15 afilm
¼ 9.15 � 10�5 K�1 and asubstrate ¼ 7.2 � 10�6 K�1 respectively

into eq. (2), the thermal stress is calculated and shown by a

broken line as rT,cal. in Figure 3. Efilm is determined by tensile

test and afilm by pressure–volume–temperature data.16 We can

see that rT,cal. almost agrees with rT, which means that eq. (2)

describes thermal stress well and that thermal stress is easy to

predict. In regard to residual stress being the sum of thermal

stress and shrinkage stress, revealing the mechanism of shrink-

age stress is necessary to reduce residual stress. However, the

mechanism of shrinkage stress is very complicated because it is

generated during solvent evaporation, which is a transient and

dynamic process. Therefore, we simplify the phenomenon by fo-

cusing on the starting points of shrinkage stress.

Starting Point of Shrinkage Stress Development

The starting point of shrinkage stress was evaluated by in situ

monitoring of the strain of substrate (esubstrate) and weight of the

PS/toluene solution. Figure 4 shows the time variation of esubstrate
at Tdry ¼ 70�C. The inserted diagram represents the schematic lat-

eral view of the substrate to show degree of the substrate deforma-

tion. In the beginning of the process, the esubstrate decreases but

starts increasing around t ¼ 4 min. During the initial stage of the

process, the glass substrate bends by the weight of the solution on

the substrate and the bending is detected as the strain. As the sol-

vent evaporates, the esubstrate decreases monotonically with time by

solvent loss. If shrinkage stress is not generated, the strain should

monotonically decrease with time, but generation of shrinkage

stress makes the strain increase. Thus, the time when esubstrate
starts increasing is considered to be the starting point of the devel-

opment of the shrinkage stress and we define /S as the volume

fraction of toluene at the starting point of shrinkage stress. /S was

Figure 2. Typical profile of film stress and temperature during solvent

cast process at Tdry ¼ 40�C.

Figure 3. Residual stress rR (square), thermal stress rT (rhombus), and

shrinkage stress rS (triangle) as functions of drying temperature (Tdry).

Broken line is calculated thermal stress (rT,cal.).

Figure 4. Time variation of strain of substrate (esubstrate) and volume frac-

tion of toluene (/) at Tdry ¼ 70�C. The inserted diagram represents the

schematic lateral view of the substrate.
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measured at various Tdry as shown in Figure 5. /S decreases until

Tdry ¼ 60�C and starts increasing at a higher Tdry.

We investigated whether the starting point of shrinkage stress is

the glass transition point of the solution or not based on an idea

shown in Figure 6. Figure 6 is a schematic diagram which shows

the relationship between temperature and volume fraction of sol-

vent at the glass transition point. In general, Tg of a polymer solu-

tion decreases with an increase in solvent content by a plasticizing

effect,17 which makes the polymer softer by adding solvent, as

shown in Figure 6. As a polymer solution is dried at a constant

drying temperature T0, the volume fraction of the solvent (/)
decreases following the (a) route and the solution transfers to glass

at /0. If the starting point of shrinkage stress is the glass transition

point, /0 should be equal to /S at Tdry ¼ T0. Whereas, if we con-

sider this glass transition from the temperature axis, the (b) route

can be regarded as the cooling process of the solution with a cer-

tain volume fraction, /0. When the temperature decreases follow-

ing the (b) route, the solution with /0 transfers to glass at T0(¼
Tg) because of the reduction in molecular mobility by a decrease

in temperature. For these reasons, comparing /DSC,q measured by

DSC following the (b) route with /S measured by in situ monitor-

ing of the stress following the (a) route can be a way to investigate

whether the starting point of stress development is the glass transi-

tion point of the solution or not.

To confirm this, we evaluated the Tg of polymer solutions with

various /. Figure 7 shows the DSC thermograms of PS/toluene

solution with different /DSC,q measured with a heating rate of

q ¼ 10�C min�1 and each arrow indicates Tg. Tg as a function

of /DSC,10 is plotted in Figure 8. If shrinkage stress is generated at Tg
(¼ Tdry), /DSC,q should be equal to the volume fraction of toluene at

the starting point of shrinkage stress (/S). To compare /S with

/DSC,q, we interchanged the axis of the plot in Figure 8 between the

volume fraction of toluene and Tg and then plotted the /DSC,q as a

function of Tdry in Figure 9. Tg measurement of the solution was car-

ried out with q¼ 5, 10, 20�Cmin�1 to concern the effect of the heat-

ing rate.18–21 The /S shown in Figure 5 is also plotted to compare it

with /DSC,q. In low temperature region, both/S and /DSC,q decrease

with Tdry, which can be regarded as a similar behavior between /S

and /DSC,q despite the difference in their absolute value. On the

other hand, in high temperature region, /S increases with Tdry while

/DSC,q decreases, that is, /S was not in agreement with /DSC,q in

this region. This difference of behavior cannot be explained by the

increase of chain mobility with increase in temperature. Concerning

only temperature, chain mobility will get larger with temperature

increasing and it means the coated solution solidifies with less sol-

vent content at higher temperature. Therefore, /S is expected to

monotonically decrease with Tdry. The other factor affecting the

starting point is evaporation rate, because glass transition strongly

Figure 5. Volume fraction of toluene at starting point of shrinkage stress

(/S) as a function of Tdry.

Figure 6. Conceptual diagram of relationship between Tg and /. (a)

Route represents the evaporation process and (b) route the cooling

process.

Figure 7. DSC thermograms of the solution with different solvent content

measured with heating rate of 10�C min�1.
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depends on the measurement time-scales. The Tdry dependence of

the evaporation rate is shown in Figure 10. The evaporation rate

increases with Tdry, which means that the measurement time-scale

decreases with Tdry.

Factors Affecting the Starting Point of Shrinkage Stress

To separate the influence of the evaporation rate from the Tdry, we

measured /S at a constant temperature of 20�C with various evap-

oration rates using the apparatus shown in Figure 1(b). Figure 11

illustrates the evaporation rate dependence of /S, and /S increases

with the evaporation rate. This tendency denotes that shrinkage

stress is generated at a larger solvent content with a faster evapora-

tion. Increasing /S by the evaporation rate can also be confirmed

by DSC measurement. Generally, a higher Tg is observed when the

Tg is measured with a larger heating/cooling rate because glass

transition depends on the measurement time-scale.18–21 In the

cases that a polymer solution is heated/cooled rapidly and solvent

evaporates rapidly, the / � Tg curve in Figure 6 moves upward,

shown as a broken line. In other words, the influence of the evap-

oration rates on /S is considered to correspond to that of the

heating/cooling rate on glass transition in terms of measurement

time-scale. From these discussions, it was found that /S increases

with the evaporation rate at a constant Tdry while /S decreases

with Tdry at a constant evaporation rate.

The increase of /S at high Tdry in Figure 9 can be explained by con-

cerning the increase of /S with increase of evaporation rate. The

increase of /S should be the result from higher evaporation rate at

the higher Tdry as shown in Figure 10. This can also be confirmed

from the view point of the correspondence between the evaporation

Figure 8. Tg of polystyrene/toluene solution as a function of /DSC,10. Tg

was measured by DSC with a heating rate of q ¼ 10�C min�1.

Figure 9. /S (triangle) and /DSC,q (circle) as functions of Tdry measured

with q ¼ 5, 10, 20�C min�1.

Figure 10. Tdry dependence of evaporation rate.

Figure 11. /S as a function of evaporation rate at Tdry ¼ 20�C.
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rate and the heating rate q. In Figure 9, we can see that /DSC,q

increases with increase of q, i.e., the decrease of measurement time-

scale. For instance, /S is close to /DSC,10 at low Tdry, while /S is

close to /DSC,20 at high Tdry. These discussions show that the change

of /S with Tdry is similar to that of glass transition, and therefore, it

can be considered that the starting point of shrinkage stress strongly

correlate with glass transition of coated solution. However, there are

some important quantitative differences between the two curves at

higher temperature, and further investigation would be warranted.

CONCLUSIONS

The starting point of shrinkage stress development was studied

through in situ monitoring of shrinkage stress and toluene con-

tent in a PS solution during the drying process. Under various

drying temperatures and evaporation rates, we compared the

volume fraction of toluene at the starting point of the shrinkage

stress (/S) with that at Tg of the PS solution measured by DSC

with various heating rate q (/DSC,q). The experiments showed

that /S decreased with temperature due to increase of chain

mobility at a constant evaporation rate, while /S increases with

evaporation rate, because it was observed in short measurement

time-scale at a constant drying temperature. Therefore, it was

revealed that the /S under a certain drying condition was deter-

mined in the balance between the chain mobility and the mea-

surement time-scale. In the same manner, /DSC,q decreased with

Tdry at a constant q, while /DSC,q increased with q at a constant

Tdry. The increase of both the evaporation rate and the q corre-

sponded to the decrease of measurement time-scale. From these

results, it was shown that the starting point of shrinkage stress

had a strong correlation with the glass transition of coated solu-

tion. The results of this study could have important implica-

tions for revealing the mechanism of the evaporation rate de-

pendence of shrinkage stress. However, we would like to note

that further investigation is needed in terms of the relationship

between volume fraction of solvent at the starting point of

shrinkage stress and the shrinkage stress after finishing drying.
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