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ABSTRACT: Tensile-deformation behavior and structure change of isotactic polypropylene (iPP) under pressurized CO2 were investi-

gated by using in situ tensile-deformation instruments and small-angle X-ray scattering (SAXS) measurements. Tensile strength

including yield stress, plateau stress, and tensile modulus decreased with increase of CO2 pressure, suggesting that expansion of amor-

phous regions by absorbing CO2 allows crystalline lamellae to deform easily with less entanglement. Under CO2, the specimens

became opaque beyond yield point and strong equatorial streaks appeared in two-dimensional SAXS patterns. By using Ruland’s

streak method, they are attributed to formation of nanometer-sized voids larger than the periodic distance of crystalline lamellae. An

azimuthal profile of the lamellar peak was sharper under pressurized CO2 than that under ambient pressure. This meant that the easy

rotation of the crystalline lamellae by CO2 results in the preferred orientation of the crystalline lamellae, which caused formation of

the nanometer-sized voids at the interspace in the polymer matrix between lamellar stacks. Owing to the formation of the nanome-

ter-sized voids, the elongation was enhanced in the second stage stretching of the stretched iPP at ambient pressure after depressuriza-

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

Carbon dioxide (CO2) can dissolve into amorphous polymers.1

The dissolved CO2 expands the molar volume of the amor-

phous polymers and then accelerates the molecular motion of

the polymer.2,3 Such a plasticization effect leads to dilation,4

depression of glass transition temperature,5,6 and decrease of

viscosity.7,8 In semicrystalline polymers, where a crystalline

region coexists with an amorphous one, CO2 is soluble in the

amorphous region but insoluble inside the crystalline one due

to the tight packing of the crystalline chain. In addition to the

plasticization effect, depression of melting temperature is

observed in semicrystalline polymers.6,9–11 Our studies by the

in situ dielectric relaxation spectroscopy12 and light scattering

(Kawate et al., manuscript in preparation), suggested that the

plasticization of lamellar surface by CO2 caused the depression

of melting temperature. The insolubility of CO2 into the crystal-

line region is also reflected on the exclusion of CO2 during crys-

tallization process.13 The dissolved CO2 in the molten state is

excluded from the crystal growth front during the crystallization

process and forms characteristic porous structures such as lay-

ered and rod-like ones.

Among the organic solvents, CO2 have some advantages as both

a plasticizer and a pressure transmitting media. When a system

is depressurized, CO2 escapes from the polymer substrate into

the air, leaving no residual solvent. In contrast to the hydro-

static pressure effect by the organic solvents, with increase of

CO2 pressure, CO2 is more absorbed into the polymer substrate

and plasticizes the subject to a greater extent. With use of these

specific properties of CO2, CO2 is widely used as a green and

new solvent in polymer science.14–16

On the other hand, deformation is an important key in processing

polymeric materials to produce strong physical properties. Many

people have therefore investigated the deformation behavior to

understand the strengthening mechanism for further improve-

ment.17–23 Especially, entanglement between polymers restricts the

deformation of polymers, which leads to formation of the hierarch-

ical structure. Because CO2 is preferentially absorbed into the

amorphous regions and expands the free volume, the entanglement
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is reduced under CO2. Therefore, the semicrystalline polymers are

expected to be easily deformed with less force under CO2 and to

form the specific hierarchical structure.

CO2 is thus the promising plasticizer to produce the superior

polymeric materials. Nevertheless, only a few studies were per-

formed to reveal the effect of the plasticization of CO2 on the

drawing process of polymers, and the correlation between

the deformation mechanism and the structure change during

the stretching under CO2 was not understood in detail.24–26 In

this study, to reveal the deformation behavior of the semicrys-

talline polymer under pressurized CO2, we investigated the

stress-strain behavior with the newly developed in situ tensile-

deformation instrument and the structure change of isotactic

polypropylene (iPP) in nano-ordered scale by small-angle X-ray

scattering (SAXS). Here, iPP was chosen as the specimen

because iPP is a well-studied polymer for its wide use in indus-

try. The tensile-deformation behavior and structure change of

iPP were discussed in terms of the plasticization effect of CO2.

The second stage stretching was also performed to understand

the improved properties of the stretched iPP under CO2.

EXPERIMENTAL

The iPP specimen used in this study was a commercial product

(MA3Q, NOVATEC-PP) via a Ziegler-Natta catalyst supplied by

Japan Polychem. The tacticity was 97% and the weight-average

molecular weight was 2.5 � 105. The iPP powder was compres-

sion-molded between metal plates at 185�C for 5 min to obtain

a film with the thickness of about 300 lm and then was quickly

quenched in a water bath at room temperature. The alpha crys-

tallographic phase of the iPP specimen is thus obtained.

To perform the in situ tensile-deformation measurements of the

specimen under pressurized CO2, we specially designed a

stretching instrument for high-pressure experiment constructed

of stainless steel (Taiatsu Techno, Japan), as shown in Figure 1.

Two sapphire glass windows were mounted on the cell for

through view. A crosshead of the elongational instrument

(Taiatsu Techno, Japan) traveled at a speed of 30 mm/min in

the high-pressure vessel. Movement of the crosshead was regu-

lated by a shaft connected to a linear motor (Oriental Motor,

Japan) outside the vessel. The shaft was passed through the

special rubber of CHEMRAZ (Greene Tweed) to prevent the

leakage of CO2. A strain gage (KSN-2-120-E5-16 Kyowa

Electronic Instruments, Japan) was attached to the surface of

the crosshead to measure the stress during the stretching of the

polymer film. During the measurement, electrical resistance of

the strain gage was monitored by sensor interface PCD-30A.

The obtained analog data was converted into digital data and

recorded with a LabVIEW software.

A rectangular sample with a dimension of 10 � 30 mm2 was

cut from the iPP film for tensile deformation and mounted on

a stretching instrument. After sealing, high-pressure CO2 was

injected into the cell with a syringe pump (NPKX-500, Nihon

Seimitsu Kagaku, Japan) at room temperature and kept there

for 1 h so that CO2 would dissolve into the specimen. Then,

the specimen was stretched. Further keeping time did not

change the tensile properties. CO2 pressure within the cell was

monitored with an output pressure transducer and was kept

constant with a back-pressure regulator (SCF-Bpg, Jasco, Japan).

The temperature was set to be 35�C during this study with an

autotune temperature controller unit in conjunction with a

thermocouple. After elongation of the specimen up to an aimed

strain, CO2 was soon depressurized to ambient condition within

10 min. The stretched specimen thus obtained was used for

SAXS, DSC, and second stage stretching measurements.

Figure 1. Schematic illustration of the instrumental setup for in situ stress-strain measurements under carbon dioxide.

Figure 2. Stress-strain curves for the iPP specimens up to 300% without

break at 35�C under various CO2 pressures.

2 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37669 WILEYONLINELIBRARY.COM/APP

ARTICLE



SAXS measurements were performed by using NANO-Viewer

system (Rigaku, Japan). A Cu-Ka radiation (46 kV, 60 mA) was

generated and collimated by a confocal max-flux mirror system.

The wavelength and the distance from sample to detector were

0.154 nm and 700 mm, respectively. An imaging plate (IP)

(BAS-SR 127, Fujifilm, Japan) was used as a two-dimensional

detector and the IP reading device (R-AXIS Ds3, Rigaku) was

used to transform the obtained image into the text data. The

exposure time was 3 h for each specimen. The scattering

intensities were corrected with respect to the exposure time, the

sample thickness, and the transmittance.

DSC measurements were conducted with a DSC8230 (Rigaku)

at ambient pressure condition. The center of the deformed spec-

imen was used for the DSC measurements. DSC scans were

taken with a heating rate of 10�C/min. The second stretching

was conducted at room temperature under air after preparing

the stretched specimen for 6 months. Six months was sufficient

to completely remove residual CO2. Scattering data of the

stretched iPP did not change during the period, which meant

less structure relaxation of polymers or voids (data not shown).

For the second stretching, a rectangular sample with a dimen-

sion of 5 � 7 mm2 was cut from the central of the stretched

specimen.

RESULTS AND DISCUSSION

Figure 2 shows stress-strain curves of the iPP film specimens

under various CO2 pressures obtained by the in situ tensile

measurements up to a strain limit of 300% of the instrument

without break. Tensile properties including tensile modulus, ten-

sile stress, and yield stress decreased with increase of CO2 pres-

sure due to the plasticization effect of CO2. Because CO2 is in-

soluble inside the crystalline region due to the tight packing of

the crystalline chain as reported in our previous study by in situ

dielectric relaxation spectroscopy,12 the dissolved CO2 into the

film expands only the amorphous region. This would reduce

inner viscosity and entanglement in the amorphous region. The

expanded amorphous region was therefore easily deformed with

less force and hence the tensile strength decreased. With regard

to the yield point, it first shifted toward higher strain as the

CO2 pressure increased. Expansion of amorphous region by

absorbing CO2 delayed the elongation needed for yielding up to

5 MPa. However, further application of CO2 pressure above 10

MPa inverted the shift of the yield strain to lower strain

although other tensile properties monotonically decreased with

increase of CO2 pressure. As the CO2 pressure increases, a larger

amount of CO2 is absorbed into the iPP specimen27 and the

crystalline lamellae obtain larger free volume to deform. There-

fore, the crystalline lamellae could easily deform with less entan-

glement and force by absorbing a larger amount of CO2 and

the yield strain decreased.

Figure 3 shows polarized optical micrographs of the iPP speci-

men obtained by stretching at different strains under various

CO2 pressures. Before stretching, small spherulites with the ra-

dius of 10 lm were observed. The spherulites of iPP were com-

pletely destroyed and transformed to the fibrillar morphologies

aligned in the stretching direction after the yielding. It seems

that each bundled fibril obtained under CO2 pressure of 10

MPa are well oriented in the stretching direction. Hereafter, to

understand the deformation behavior and structure change of

iPP under CO2 in detail, we performed SAXS measurements on

the iPP specimens at various strains.

Figure 4 shows two-dimensional SAXS patterns of iPP specimen

stretched at different strains under various CO2 pressures.

Before stretching, a circularly isotropic SAXS pattern indicates

Figure 3. Photographs of the iPP specimens by polarized optical micro-

scope at strains of (a) 0% and 300% under (b) ambient pressure, and (c)

CO2 of 10 MPa. The stretching direction is vertical.
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random orientation of nanometer-sized crystalline lamellae. At

a strain of 20% just before yielding, no clear change of the

SAXS pattern was observed. At a strain of 100% after the yield

point, the maximum spot was observed in the meridional direc-

tion, suggesting that the crystalline lamellae were rotated and

oriented in the stretching direction. However, under pressurized

CO2 of 5 MPa, in addition to the oriented scattering pattern

from the lamellae, a strong equatorial streak appeared at a strain

of 100%. Further strain to 300% lead to enlargement of the

equatorial streak. Such an equatorial streak is usually derived

from cross-section of fibrils or voids. The origin of the equato-

rial streak is described in the following.

The iPP specimens were almost transparent before stretching

due to the low degree of crystallinity and they kept transparent

by stretching beyond the yield point under ambient pressure.

However, they became opaque beyond the yield point under

pressurized CO2. They were investigated by density measure-

ments as shown in Table I. At ambient pressure, density of the

specimen did not change by stretching. However, it decreased

by about 10% by stretching under pressurized CO2 of 5 MPa.

Further decrease was seen with increase of CO2 pressure up to

10 MPa. This result strongly suggests that voids are formed by

stretching under pressurized CO2 and weight fraction of the

void in the specimen increased with increase of CO2 pressure.

Figure 4. Two-dimensional SAXS patterns taken at different deformations at 35�C under (a) ambient pressure, (b) CO2 of 5 MPa, and (c) CO2 of 10

MPa. Stretching direction was vertical as shown by the two-head arrow.

Table I. Properties of the iPP Specimen Taken at Various CO2 Pressures

and Strains

0 0 5 10

CO2 pressure/MPa strain/% 0 300 300 300

specific gravity/g cm3 0.926 0.927 0.827 0.807

crystallinity/% 39.1 55.5 52.0 53.0

Tm/�C 163.5 163.7 162.9 163.5
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Figure 5 shows the one-dimensional scattering curves in the

equatorial direction of the two-dimensional scattering pattern

shown in Figure 4. A large difference of the scattering intensity

by two orders of magnitude is observed between the stretched

specimens under air and pressurized CO2. The large difference

is ascribed to electron density difference between the scattering

objects and the matrix. The scattering intensity depends on the

square of the electron density difference. Because the electron

density of voids is zero value, void formation in the fibril under

pressurized CO2 enhanced the electron density difference

between the scattering objects and the matrix, which then

caused the increase in the scattering intensity to a greater

extent. To characterize the scattering object observed in the

SAXS patterns, the intensity distribution of the equatorial streak

was analyzed by using the so called Ruland’s method.28–33 In

Ruland’s method, the oriented 2D SAXS pattern such as streak

is considered. The integral width of the equatorial streak in re-

ciprocal space corresponds to the inverse length of the void in

real space. To reduce contribution from lamellar peak for the

Figure 5. One-dimensional scattering curves in the equatorial direction of

two-dimensional SAXS pattern in Figure 3 at different CO2 pressures.

Figure 6. Strain dependence of length of voids obtained by Ruland’s

streak method under different CO2 pressures.

Figure 7. Lorentz-corrected one-dimensional scattering curves in the me-

ridional direction of two-dimensional SAXS pattern in Figure 3 (a) at var-

ious strains under ambient pressure and (b) at a strain of 300% under

CO2 pressure of 10 MPa.

Figure 8. Strain dependence of lamellar periodic distance at different CO2

pressures.
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integral, we adopted slice integration parallel to the meridian

direction instead of azimuthal integration.33 The slice distribu-

tions at different q along the equator were fitted with Patterson

VII function, which lead to the following equation

Bs3 � 1

lf
þ qB/

where Bs3 is the slice integral breadth, lf is the effective length of

the void in the stretching direction, and B/ is the misorienta-

tion width of the void. We can obtain lf from the extrapolated

intercept at q ¼ 0.

Figure 6 shows strain dependence of lf at various CO2 pressures.

The obtained values of lf are several dozen nanometers and

much shorter than length of the fibrils of micrometer scale as

shown in Figure 3. This result strongly suggests that the equato-

rial streak seen in SAXS patterns originates from the nanome-

ter-sized voids and not from the fibrils. With increase of strain,

the void length in the stretching direction increased. The change

of the void length did not follow the affine deformation.

Beyond the yielding point, stretched polymers are transformed

into fibrils and interlamellar amorphous region are entangled.

Because the void length is determined by the surrounding com-

plicated structures, their changes prevented the affine deforma-

tion of the voids. However, with increase of CO2 pressure, the

void length was decreased. Because higher pressure increases the

amount of CO2 dissolving into the specimen at these pressure

ranges, more voids would be generated. It is therefore consid-

ered that existence of more voids in the specimen at higher

pressure prevented elongation of the voids.

In order to understand the plasticization effect of CO2 on the

lamellar periodic distance, the one-dimensional scattering inten-

sity in the meridional direction in Figure 4 was multiplied by

square of q for the data treatment (Lorentz correction).34–36 Fig-

ure 7 shows Lorentz-corrected one-dimensional scattering

curves in the meridional direction at various strains under am-

bient pressure and at a strain of 300% under CO2 pressure of

10 MPa. A broad peak indicating the lamellar periodic distance

Table II. Strain Dependence of Void Length and Lamellar Periodic

Distance Under Various CO2 Pressures, Respectively

CO2 pressure
(MPa)

Strain
(%)

Void Length
(nm)

Lamellar periodic
distance (nm)

0 0 9.7

0 100 9.9

0 200 10.2

0 300 10.4

5 100 39.2 10.1

5 200 47.0 10.4

5 300 50.5 10.5

10 100 19.6

10 200 20.1

10 300 24.2

Figure 9. DSC scans of the stretched iPP films up to a strain of 300%

under various CO2 pressures at a scanning rate of 10�C/min.

Figure 10. (a) An azimuthally scanned area encircled by double circle in

two-dimensional SAXS pattern and (b) azimuthal profile of the lamellar

peak at a strain rate of 300% under various CO2 pressures. The solid lines

are guide for eyes fitted by Gaussian functions.
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is seen. At ambient pressure, no distinctive change of the scat-

tering profile is observed. However, upturn of the scattering in-

tensity at low q region is observed at CO2 pressure of 10 MPa.

This upturn is caused by the appearance of the streak pattern

because of the void formation mentioned before. However, only

a slight shift of the peak position toward lower q is observed up

to a strain of 300% irrespective of CO2 pressure.

Figure 8 shows strain dependence of the lamellar periodic dis-

tance at different CO2 pressures. The lamellar periodic distance

was about 10 nm and slightly increased with increase of strain

irrespective of CO2 pressure. These values and the obtained

void lengths under various strains and CO2 pressures are sum-

marized in Table II. Compared with the drastic decrease in the

tensile strength as shown in Figure 2, the plasticization effect of

CO2 had less influence on the structure change of the crystalline

lamella by stretching. In addition, it should be also noted that

they are smaller than the void length. It is therefore considered

that the nanometer-sized voids were formed at the interspace in

the polymer matrix between lamellar stacks and not inside the

lamellar stacks.

Crystallinity of the stretched specimen was evaluated by DSC.

Figure 9 shows DSC scans of the stretched iPP films up to a

strain of 300% under various CO2 pressures. The endothermic

peak became sharper and larger by stretching whereas the posi-

tion of the melting peak did not change. Because melting tem-

perature is predominantly correlated with thickness of the crys-

talline lamella,37,38 this is consistent with the SAXS result that

the increase of the lamellar periodic distance was only 10% up

to a strain of 300% irrespective of CO2 pressure. Table I shows

that stretching of the iPP specimen up to a strain of 300%

caused to increase the crystallinity by about 15%, but the signif-

icant pressure dependence was not observed. It is therefore con-

cluded that stretching of the iPP specimen up to a strain of

300% at 35�C only lead to increase in fraction of the crystalline

component irrespective of CO2 pressure.

To understand the orientational degree of the crystalline lamel-

lae under pressurized CO2, we evaluated broadness of the azi-

muthal profile of lamellar peak in an encircled area indicated by

double circle in two-dimensional SAXS pattern as shown in Fig-

ure 10(a). Figure 10 (b) shows that the azimuthal profile of the

lamellar peak is sharper under CO2 of 5 MPa than that under

ambient pressure. The result means that the crystalline lamellae

are well oriented in the stretching direction under pressurized

Figure 11. Schematics of deformation and void formation for the iPP specimen under (a) ambient pressure and (b) CO2 pressure.

Figure 12. Second stage stretching of the iPP specimen stretched up to a

strain rate of 300% under various CO2 pressures.
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CO2. Because CO2 cannot dissolve into the crystalline lamel-

lae,11 the amorphous region surrounding the crystalline phase

was expanded by absorbed CO2. The crystalline lamellae were

therefore easily rotated because of the reduced entanglement by

the plasticization effect of CO2 and hence well oriented in the

stretching direction.

Beyond the yield point, the crystalline lamellae are oriented in

the stretching direction and the spherulite is transformed into

the fibril. Under pressurized CO2, because the amorphous region

is expanded by absorbed CO2, the crystalline lamellae were easily

and well oriented in the stretching direction as a result of the

reduced entanglement. In addition, as mentioned above, SAXS

measurements also revealed that the void length of several dozen

nanometers was larger than the lamellar periodic distance of

about 10 nm. Therefore, the voids were formed at interspace

between well-oriented lamellar stacks but not inside the lamellae

stacks during the orientation of the lamellar stacks by stretching

under pressurized CO2. However, when degree of orientation is

low, the crystalline lamellae are overlapped each other to some

extent. Therefore, the predominant nanometer-sized voids do

not appear at ambient pressure. The schematic for deformation

and void formation is illustrated in Figure 11.

To understand the effect of the structure change on the mechani-

cal property, the stretched specimens up to a strain of 300% were

stretched again at ambient pressure after preparing the stretched

specimens for 6 months. Figure 12 shows tensile-deformation

behavior of the iPP specimen in the second stage stretching. The

tensile strength of the deformed iPP films was more than 200%

larger compared with that in the first stretching stage shown in

Figure 2. This enhanced tensile strength is ascribed to the

increased crystallinity and orientation of crystalline lamellae along

the stretching direction in the first stretching stage. However,

there is a large difference in the tensile strength between the

deformed iPP film under ambient pressure and CO2 pressure.

SAXS measurements revealed that nanometer-sized voids were

formed in the iPP specimen during the stretching process under

CO2. Existence of the nanometer-sized voids offered extra space

for easy deformation with less force. Therefore, lower tensile

strength of the CO2-treated iPP than untreated one is attributed

to presence of the nanometer-sized voids in the fibrils. In addi-

tion, maximum strain of the iPP specimen stretched under

pressurized CO2 of 10 MPa was more than twice the one

obtained under air at ambient pressure, suggesting that the CO2

treated iPP had better drawability than one obtained under air

due to suppression of the stress concentration by the nanome-

ter-sized voids. With respect to the yielding behavior, the yield-

ing point did not appear in the stretched film obtained under

pressurized CO2. Because the orientational degree of the crystal-

line lamellae in the stretched iPP under pressurized CO2 was

enough high as revealed by SAXS, the crystalline lamellae did

not afford to rotate in the stretching direction, which sup-

pressed the yielding behavior.

CONCLUSION

Stress-strain behavior and structure change of iPP film under

pressurized CO2 were investigated by in situ tensile-deformation

instrument and SAXS. With increase of CO2 pressure, tensile

strength such as yielding stress and plateau stress was monot-

onically decreased. CO2 is only absorbed into amorphous region

and amount of the absorption is increased by applying CO2

pressure at the measured region. Expansion of the amorphous

region therefore allowed crystalline lamellae to deform with less

entanglement. It was found that the stretched film under pres-

surized CO2 became opaque. Strong equatorial streaks appeared

beyond the yielding point in two-dimensional SAXS pattern of

the stretched film under pressurized CO2. This suggests forma-

tion of nanometer-sized voids in the film, which highly reflected

the light. Azimuthal profiles of the lamellar peak in two-dimen-

sional SAXS pattern showed that the crystalline lamellae were

well oriented in the stretching direction under pressurized CO2

due to the plasticization effect of CO2 on the surrounding

amorphous region. Such characteristic structure obtained by

stretching under pressurized CO2 affects on the mechanical

property of the second stage stretching. The existence of the

nanometer-sized voids increased drawability of the stretched

films more than twice one without the voids due to extra space

for deformation and highly oriented crystalline lamellae

obtained by stretching under pressurized CO2 suppressed the

yielding behavior.
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