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ABSTRACT: We investigated the stress2strain behavior of PMMA films under compressed CO2 and N2. The elongation at break

increased and the stress decreased with increasing CO2 pressure at pressures above 3 MPa, indicating that the tensile property

changed from brittle to ductile under compressed CO2. In contrast, the material property became more brittle under compressed

CO2 at pressures below 2 MPa and under compressed N2. By depressurizing the compressed gas and excluding the hydrostatic pres-

sure, the property of the gas-absorbed specimen changed from brittle to ductile. These results suggest that deformability by molecular

orientation is enhanced by the plasticizing effect caused by a large amount of absorbed gas while it is suppressed by the effect of

hydrostatic pressure caused by a small amount of absorbed gas. Conversely, the elastic modulus decreased under both compressed

CO2 and N2, but the decrease under CO2 was much larger than that under N2, suggesting that distortion in the elastic region is

dominated by the plasticization effect. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43431.
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INTRODUCTION

Polymer films are often used under compressed gas for various

materials: e.g., gas separation membranes,1–4 gas barrier materi-

als for food packaging, medicine packaging, hoses, and tire

tubes.5–7 Under compressed gas, polymer films are usually

deformed by a decrease of the elastic modulus or fractured by a

reduction of the deformability. Such physical changes are not

preferable for use under compressed gas. Therefore, it is impor-

tant to know the changes in the tensile properties under com-

pressed gas. However, there are few studies that focus on the

tensile properties of polymers under compressed gas.8–12

It is thought that compressed gas causes two competing effects

on polymer films. One is the plasticization effect caused by the

absorption of gas into polymers.13–21 The gas is absorbed into

the free volume between polymer chains, so that chain mobility

is accelerated,22–26 dilation occurs,27 deformation is enhanced,8–12

the glass transition temperature is depressed,21,28–32 and viscosity

decreases21,33–36 with an increase in the absorbed gas in the poly-

mers associated with the increased gas pressure. Another effect is

that of hydrostatic pressure, which is the resistance to deforma-

tion caused by the vitrification resulting from the reduction of

free volume. The effect of hydrostatic pressure is usually esti-

mated by the tensile properties under compressed oil, and it was

reported that elastic modulus and yield stress increase while the

elongation at break decreases with increasing pressure.37–43 A

reduction of gas permeation was suggested to be caused by

hydrostatic pressure.44 Dielectric measurement revealed that

molecular motion is suppressed by increasing hydrostatic pres-

sure.45 However, since the plasticizing effect and hydrostatic pres-

sure effect are discussed separately, the two competing effects on

tensile properties have not been clarified, although they are

important for understanding the use of polymer films under

compressed gas.

In this article, to more thoroughly understand the two competing

effects of plasticization and hydrostatic pressure on tensile prop-

erties under compressed gas, we investigated the stress2strain

behavior of noncrystalline glassy poly(methyl methacrylate)

(PMMA) under compressed gas at various pressures by using a

specially designed tensile-deformation instrument for measure-

ments under compressed gas. CO2 and N2 were used as the com-

pressed gases because the solubility of CO2 is large while that of

N2 is small.19,24,46–48 The solubility constants of CO2 and N2 in

PMMA are 0.26 cm2(STP)/g atm and 0.045 cm2(STP)/g atm,

respectively.47 The large solubility of CO2 is attributed to a

dipole-dipole interaction between CO2 and the carbonyl function

group of PMMA19,49 due to its Lewis acid–base nature.50 There-

fore, it is considered that the plasticizing effect is larger under the

compressed CO2 than that under the compressed N2, so that the
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two competing effects of plasticization and hydrostatic pressure

can be compared by using CO2 and N2. To exclude the hydrostatic

pressure effect and identify the plasticizing effect, we also carried

out tensile-deformation measurement for the gas-absorbed-

depressurized specimen. The deformability and modulus under

the compressed gas are discussed in terms of two molecular

mechanisms on deformation, i.e., molecular orientation and

distortion.

EXPERIMENTAL

Materials

The PMMA specimen used in this study was a commercial

product (Acrypet MD001, Mw 5 11.0 3 104 g/mol, Mn 5 5.0 3

104 g/mol, Mw/Mn 5 2.2) supplied by Mitsubishi Rayon Co.,

Ltd. The PMMA pellet was compression molded between metal

plates at 220 8C for 5 min to obtain a film specimen with a

thickness of about 200 lm and then cooled at room

temperature.

Tensile Measurement for Compressed Gas

To perform in situ tensile deformation measurements of the

specimens under compressed gas, we designed a stretching

instrument with a stainless steel pressure vessel, as shown in

Figure 1. Two sapphire glass windows were mounted on the

pressure vessel to enable observation. The crosshead of the elon-

gation instrument traveled up to a strain limit of 2.8 at a speed

of 5 mm/min in the pressure vessel (Taiatsu Techno Corpora-

tion). Movement of the crosshead was regulated by a shaft con-

nected to a linear motor (Oriental Motor Co., Ltd.) outside the

vessel. The shaft was passed through a special rubber gasket

from Chemraz (Greene Tweed Co., Ltd.) to prevent leakage of

the inert gas. A strain gauge (KFR-2-120-C1-16 Kyowa Elec-

tronic Instruments Co., Ltd.) was attached at the surface of the

crosshead to measure stress during the stretching of the polymer

film. Specifically, the strain gauge was deformed by the stress

applied to the polymer film and the voltage was caused by a

change in the electrical resistance in the strain gauge. The volt-

age was amplified by DM-951 amplifier (Kyowa Electronic

Instruments Co., Ltd.) and the analog voltage was converted

into digital data by a PCD-330B-F sensor interface (Kyowa Elec-

tronic Instruments Co., Ltd.). The digital data was recorded and

the applied stress was calculated with DCS-100A software

(Kyowa Electronic Instruments Co., Ltd.).

A dumbbell-shaped film specimen was cut from the PMMA

film and was mounted on the stretching instrument. After seal-

ing, compressed CO2 or N2 was injected into the pressure vessel

with a syringe pump (NPKX-500, Nihon Seimitsu Kagaku Co.,

Ltd.) at room temperature and was kept there for 1 h to dis-

solve the compressed gas in the specimen. Then, the specimen

was stretched under the compressed gas. Note here that the ten-

sile property was not changed by absorbing CO2 or N2 for a

time longer than 1 h, so that 1 h is sufficient for absorbing the

compressed gas in the specimens. The pressure of CO2 or N2

within the vessel was monitored with an output pressure trans-

ducer and was kept constant with a back-pressure regulator

(TESCOM 26-1763-24). The temperature was set at 30 8C dur-

ing this study by an Autotune temperature controller unit with

a thermocouple. The tensile deformation measurements were

carried out above twice at same pressure to confirm the reliabil-

ity of the data.

To investigate the stress2strain behavior of the gas-absorbed

specimen under the absence of hydrostatic pressure, the com-

pressed gas was absorbed into the film specimen mounted on

the stretching instrument for 1 h at 30 8C. Then, the tensile-

deformation measurement was carried out immediately under

air at ambient pressure after the gas was released from the pres-

sure vessel, i.e., the tensile-deformation measurement was car-

ried out for the gas-absorbed depressurized specimen.

RESULTS AND DISCUSSION

Figures 2 and 3 show the stress2strain curves of the PMMA

films under compressed CO2 and N2, respectively, at various

pressures obtained by the in situ tensile measurements up to a

strain limit of 2.8. The stress2strain curve under air at ambient

pressure of 0.1 MPa is also shown for the property in the

absence of the plasticizing effect. Under air at ambient pressure,

the specimen was fractured at a small strain, i.e., elongation at

break was only 0.09. This is characteristic of brittle behavior.

On the other hand, the yield point appeared at around a strain

of 0.1 and the plateau region was observed at a strain above 0.3

under CO2 (Figure 2). Thus, elongation at break became longer

under compressed CO2 than that under air at ambient pressure.

Such deformability is characteristic of ductile behavior. With

increased CO2 pressure, elongation at break increased, and

became longer than a strain limit of 2.8 when the CO2 pressure

was above 5 MPa. By association with the increased elongation

at break, the yield stress and the stress at the plateau region

Figure 1. Schematic illustration of a stretching instrument for tensile-deformation measurements under compressed gas.
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decreased sharply with increased CO2 pressure. These results

indicate that the property changes from brittle to ductile by

absorbing CO2 and that the deformability increases with

increased CO2 pressure by association with the increased

amount of CO2 absorbed in the PMMA. The decrease of the

stress in the noncrystalline glassy polymer of PMMA under

compressed CO2 was much larger than those observed in crys-

talline polymers such as poly(ethylene terephthalate) (PET),8,9

nylon,10 ultrahigh molecular weight polyethylene,11 and poly-

propylene.12 The difference of the plasticization effect might be

attributed to the small amount of the absorbed CO2 in crystal-

line polymers due to the existence of the crystalline region in

which the gas is insoluble.51 Owing to the small amount of the

absorbed CO2, the hydrostatic pressure effect was observed in

PET at high CO2 pressure; i.e., the stress increased with CO2

pressure at the pressure above 7 MPa.8,9

In contrast, elongation at break became shorter under com-

pressed N2 than that under air at ambient pressure and the

specimen was fractured before the yield point, i.e., it was 0.07

and 0.09 under N2 at 5 MPa and under air at ambient pressure,

respectively (Figure 3). With increased N2 pressure, elongation

at break decreased. These results indicate that the material

property becomes more brittle under the compressed N2 and

the deformability decreases with increased N2 pressure.

Thus, the tensile properties observed under the compressed

CO2 and N2 were opposite. Specifically, the property became

ductile under compressed CO2 while it became more brittle

under compressed N2. It is considered that the compressed gas

causes two competing effects on polymer films: one is a plasti-

cizing effect and the other is a hydrostatic pressure effect. The

opposite tensile properties observed under compressed CO2 and

N2 are attributed to the different contributions of the two com-

peting effects of plasticization and hydrostatic pressure on

PMMA film under compressed CO2 and N2. The plasticizing

effect is large when the amount of the absorbed gas is large and

the amount of CO2 absorbed in PMMA is large while that of

N2 is small19,24,46–48; i.e., the solubility constants of CO2 and N2

in PMMA are 0.26 cm2(STP)/g atm and 0.045 cm2 (STP)/g

atm, respectively.47 On the other hand, the elongation at break

decreases with increasing pressure by the hydrostatic pressure

effect.36–43 Thus, the results shown in Figures 2 and 3 suggest

that the plasticization effect is large under compressed CO2

while the hydrostatic pressure effect is large under compressed

N2. Owing to the plasticization effect under compressed CO2,

the plasticized PMMA is easily oriented with less force due to

the acceleration of the molecular motion,8–26 so that the prop-

erty becomes ductile. On the other hand, since the amount of

absorbed gas is small under compressed N2, the hydrostatic

pressure effect dominates. Because of the hydrostatic effect

under compressed N2, the deformation is suppressed due to the

reduction in free volume,34–40 so that the property becomes

more brittle.

As shown in Figure 4, elongation at break was shorter at a low

pressure below 2 MPa under compressed CO2 than that under

air at ambient pressure, although it was longer at a higher pres-

sure above 3 MPa, as shown in Figure 2. That is, the property

becomes more brittle under CO2 at low pressure in which the

Figure 2. Stress–strain curve of PMMA under CO2 at various pressures.

Figure 3. Stress–strain curve of PMMA under N2 at various pressures.

Figure 4. Stress–strain curve of PMMA at low pressure below 2 MPa

under CO2.
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amount of absorbed CO2 is small. This behavior is similar to

that observed under compressed N2 in which the hydrostatic

pressure effect is seen due to small amount of absorbed gas.

The result supports the above scenario that deformation is sup-

pressed by the hydrostatic pressure effect when the amount of

absorbed gas is small.

In order to exclude the hydrostatic pressure effect, the stress2strain

behavior of CO2-absorbed PMMA was measured under air at ambi-

ent pressure after releasing CO2 of 2 MPa. Figure 5 shows the

stress2strain curve of the CO2-absorbed depressurized PMMA in

the absence of hydrostatic pressure. For comparison, the stress2strain

curves of PMMA under CO2 at 2 MPa and under air at ambient pres-

sure are also shown in Figure 5. The CO2-absorbed depressurized

PMMA exhibited ductile behavior, i.e., the strength was lower and

the elongation at break was much longer in the absence of hydrostatic

pressure than were those under compressed CO2 at pressures below 2

MPa and under air at ambient pressure. These results suggest that the

property becomes ductile by plasticization due to absorbed CO2 in

the absence of hydrostatic pressure, although it becomes brittle in the

presence of hydrostatic pressure under compressed CO2 at pressures

below 2 MPa. Thus, the decrease of deformability under CO2 at low

pressure below 2 MPa, shown in Figure 4, suggests that the hydro-

static pressure effect dominates when the amount of absorbed gas is

small under compressed CO2.

As shown in Figure 6, the N2-absorbed depressurized PMMA

also exhibited increases of deformability in the absence of

hydrostatic pressure, although the deformability decreased

under compressed N2 (Figure 3). Elongation at break became

longer from 0.05 to 0.13 by releasing N2 of 16 MPa. The results

suggest that the property becomes ductile by plasticization due

to absorbed N2 in the absence of hydrostatic pressure, although

it becomes more brittle in the presence of hydrostatic pressure.

These results confirm that deformation is enhanced by the plas-

ticizing effect while it is suppressed by the hydrostatic pressure

effect.

Figure 5. Stress–strain curve of PMMA under CO2 of 2 MPa and CO2-

absorved PMMA under air at ambient pressure after releasing CO2 of 2

MPa.

Figure 6. Stress–strain curve of PMMA under N2 of 16 MPa and N2-

absorbed PMMA under air at ambient pressure after releasing N2 of 16

MPa.

Figure 7. Schematic illustration of the strength of the plasticized effect

and the hydrostatic pressure effect with the amount the absorbed gas in

PMMA.

Figure 8. Elastic modulus of PMMA under CO2 at various pressures.
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Thus, the two competing effects contribute to the tensile prop-

erty of PMMA. The hydrostatic pressure effect dominates when

the amount of gas is small while the plasticizing effect domi-

nates when the amount of gas is large under compressed gas, as

schematically shown in Figure 7.

Figures 8 and 9 show the elastic modulus of the PMMA films at

various pressures under CO2 and N2 obtained from the initial

slopes of Figures 2 and 3, respectively. Under air at ambient pres-

sure, the elastic modulus was approximately 2.2 GPa. The elastic

modulus decreased sharply with increased pressure under com-

pressed CO2; it became approximately 0 at around a pressure of

6 MPa when the glass transition temperature became lower than

the measurement temperature (30 8C) by the depression of the

glass transition temperature21,28–32 (Figure 8). The decrease of the

elastic modulus is attributed to the plasticization effect by the

compressed CO2. The plasticization effect becomes larger as the

amount of absorbed CO2 increases with increased CO2 pressure.

Although deformability decreases by the hydrostatic pressure

effect under compressed N2, the elastic modulus did not

increase but decreased slightly with increased N2 pressure. E.g.,

it was approximately 2.2 and 1.8 under air at ambient pressure

and under N2 of 10 MPa, respectively (Figure 9). This result

suggests that the plasticizing effect dominates the elastic modu-

lus under compressed N2. That is, the elastic modulus decreased

as the amount of absorbed N2 was larger with increased N2

pressure. The decrease in the elastic modulus under compressed

N2 was much smaller than that under compressed CO2, indicat-

ing that the plasticizing effect on the elastic modulus is much

smaller under compressed N2 compared with that under com-

pressed CO2 due to the small amount of absorbed N2. In other

words, the amount of absorbed N2 is much smaller than that of

absorbed CO2.19,24,46–48

The interesting result here is that the plasticization effect was

seen in the elastic modulus while the hydrostatic pressure effect

was seen in the deformability under compressed N2. The differ-

ence might be attributed to the different contributions of the

plasticization effect and the hydrostatic pressure effect on the

two molecular mechanisms of deformation, distortion and

molecular orientation,52–56 as shown in the illustration of Figure

10. The distortion is local change of the intersegment distance

by torsion around the main-chain bonds or local displacement

of the interchain spacing. On the other hand, the molecular ori-

entation is relatively long-range conformational rearrangements

by orientation of the main-chain segments. The deformation in

the elastic region is attributed to both distortion and molecular

orientation, while that in the plasticized region is attributed

only to molecular orientation. The modulus by distortion is

two decades higher than that by molecular orientation, so that

the modulus in the elastic region is mainly attributed to distor-

tion.56 Because only the plasticization effect was observed in the

elastic modulus, distortion is dominated by the plasticization

effect. On the other hand, since the plasticization effect was

observed under compressed CO2 at high pressure while the

hydrostatic pressure effect was observed under compressed CO2

at low pressure and under compressed N2, the molecular orien-

tation is enhanced by the plasticization effect when the amount

of absorbed gas is large while it is suppressed by the hydrostatic

pressure effect when the amount of absorbed gas is small.

CONCLUSIONS

The two competing effects of plasticization and hydrostatic

pressure on the tensile properties of PMMA were clarified by

comparing stress2strain behavior under compressed CO2 and

N2. The property changed from brittle to ductile with increased

Figure 9. Elastic modulus of PMMA under N2 at various pressures.

Figure 10. Schematic illustration of distortion and molecular orientation.
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pressure under CO2 at high pressure associated with increasing

the amount of absorbed CO2, while it became more brittle

under CO2 at low pressure and under N2. Although the prop-

erty was brittle under the compressed gas, it changed to ductile

by depressurization and stretching in the absence of hydrostatic

pressure. These results suggest that the plasticizing effect domi-

nates the molecular orientation and enhances deformation when

the amount of absorbed gas is large, while the hydrostatic pres-

sure effect dominates and suppresses deformation when the

amount of absorbed gas is small. On the other hand, the elastic

modulus decreased with increased pressure under both com-

pressed CO2 and N2, suggesting that the distortion in the elastic

region is dominated by the plasticizing effect. Quantitative anal-

ysis of the elastic modulus reveals that the modulus depending

on the CO2 pressure is correlated to the molecular motion

depending on the temperature. The quantitative results for elas-

tic modulus will be reported in the near future.
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