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ABSTRACT: Effect of glass transition temperature and saturation temperature on the solid-state microcellular foaming of cyclic olefin

copolymer (COC)—including CO2 solubility, diffusivity, cell nucleation, and foam morphology—were investigated in this article.

COCs of low Tg (78�C) and high Tg (158�C) were studied. Solubilities are 20–50% higher in high Tg COC than in the low Tg COC

across the saturation temperature range. Diffusivities are about 15% higher on average in high Tg COC for temperatures up to 50�C.

A much faster increase of diffusivity beyond 50�C is observed in low Tg COC due to it being in the rubbery state. Under similar gas

concentration, high Tg COC starts foaming at a higher temperature. And the foam density decreases faster in low Tg COC with foam-

ing temperature. Also, high Tg COC foams show about two orders of magnitude higher cell nucleation density than the low Tg COC

foams. The effect of saturation temperature on microcellular foaming can be viewed as the effect of CO2 concentration. Nucleation

density increases and cell size decreases exponentially with increasing CO2 concentration. Uniform ultramicrocellular structure with

an average cell size of 380 nm was created in high-Tg COC. A novel hierarchical structure composed of microcells (2.5 lm) and

nanocells (cell size 80 nm) on the cell wall was discovered in the very low-density high-Tg COC foams. VC 2015 Wiley Periodicals, Inc. J.

Appl. Polym. Sci. 2015, 132, 42226.
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INTRODUCTION

Microcellular foams are thermoplastic foams with cells on the

order of 10 lm, which was conceived at MIT three decades ago.1,2

In a pioneering paper, Martini et al.2 described a two-step process

to create microcellular structure in high-impact polystyrene, that

involved saturating the polymer with a nonreacting gas and then

heating the gas laden polymer to near the glass transition temper-

ature. This process is later known as the solid-state process, as the

polymer foam is created near the Tg of the gas–polymer system,

well below the melting point. This process has been used to inves-

tigate a number of polymers, including PVC,3 ABS,4 PC,5 PET,6

and PLA,7,8 to name a few. In a variation of this process, microcel-

lular foams have been created by a sudden drop in gas pressure

that causes a solubility drop resulting in a cell nucleation.9

The effect of Tg on the microcellular foaming of polymers has

not been studied previously. The fact that Tg of cyclic olefin

copolymer (COC) can be easily customized over a wide range

by altering its norbornene content provides us an opportunity

to study the effect of Tg on microcellular foaming process.

COC is a family of amorphous copolymers of ethylene and nor-

bornene. COC with higher norbornene content has higher Tg

due to the increased chain rigidity. In contrast to polyethylene,

which shows poor solid-state foaming behavior due to low gas

solubility and high crystallinities, COC generally presents good

foaming behaviors, due to the fact that the introduction of

bulky norbornene groups into the main chains prevents the

crystallization of ethylene. COC has low water absorption, excel-

lent water vapor barrier properties, high chemical resistance,

and low shrinkage. It also shows excellent optical properties,

such as low birefringence and high transparency, and is a com-

petitor to conventional engineering plastics, such as polycarbon-

ate.10 The current usage of COC resins include transparent

moldings for optical data storage, lenses, sensors, and industrial

products in the construction and lighting sectors. There is also

interest in packaging for pharmaceuticals, medical devices, and

diagnostic disposable.

A few groups have explored microcellular foaming of COC.

Processing using CO2 as a blowing agent has been successfully

done in thin films of 6013 COC (Tg of 139�C) by Krause

et al.11 They saturated films at room temperature with CO2 at 5

MPa which resulted in a 4.3 wt % CO2. Foaming was carried

out between 65 and 155�C, and foams with a cell size <5 lm

and cell densities on the order of 1011 cells/cm3 were achieved.
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Sun et al.12 saturated COC (Tg of 137�C) in pressure up to 30

MPa at 100–180�C, and foamed utilizing the pressure-quench

method. They achieved foams with cell densities on the order of

1010 cells/cm3 range and cell size about 2–5 lm for the samples

that were rapidly cooled in ice-water bath. Gendron et al.13

have explored solid-sate foaming of TOPAS COC 8007 and

5013 (Tg 78 and 135�C, respectively). The samples were satu-

rated in a pressure ranging from 1.4 to 5.9 MPa to a CO2 con-

centration of between 2 and 8 wt %. Foaming was then carried

out by biaxially stretching and simultaneously heating the sam-

ples. Recently, Chen et al.14 investigated solid-state foaming of

TOPAS 6017 COC (Tg of 180�C) in the pressure range of 5–10

MPa at 40�C. The resulting COC foams had a cell size in the

range of 0.3–7.5 lm and cell density ranging from 109 to 1012

cells/cm3. Also, the transition from foaming to crazing under

certain conditions due to stress field was identified.

Besides the effect of Tg, the effect of saturation temperature

(Tsat) on the microcellular foaming and foam morphology is

not well established, especially in the subcritical regime. In most

of microcellular foaming studies, Tsat has been kept constant

during the saturation step. Typically, room temperature has

been used in the subcritical regime. A higher Tsat enables a

faster diffusion (thus short sorption time), which is beneficial

to the production process; on the other hand, a higher Tsat

results in a lower solubility of gas in polymer.15–17 Solubility is

known to significantly influence cell nucleation and resulting

microstructures.18,19 Thus, to create foams with desired struc-

tures and properties, the effect of Tsat on the foaming and final

foam morphology need to be established.

In this article, we compare the solid-state microcellular foaming

of COCs with a high and low Tg, with the Tsat varying from 20

to 80�C. The effect of Tg and Tsat on CO2 solubility, diffusivity,

cell nucleation, and foam morphology are reported.

EXPERIMENTAL

Materials

Two grades of COC, grade 8007 and 6015, were provided by

TOPAS Advanced Polymers Inc. COC sheets of 0.25 mm thick-

ness were cut into 2.5 3 2.5 cm samples for sorption and foam-

ing studies. Tg and density of both materials are listed in Table

I. CO2 with 99.9% purity was provided by Praxair, Inc.

Sorption

Sorption experiments were conducted by placing samples in a

pressure vessel maintained at 5 MPa with an accuracy of 60.1

MPa. Sorption temperatures (Tsat) varied over a range from 20

to 80�C. For sorption experiment above room temperature, a

heating jacket wrapped around the pressure vessel and a tem-

perature controller was used to maintain the pressure vessel at a

desired temperature. During saturation, samples were periodi-

cally taken out from the pressure vessel, and weighed on a Met-

tler AE240 analytical scale accurate to 610 lg. Samples were

then promptly put back to the pressure vessel and repressurized.

The sorption experiment continued until no further weight

increase was observed in the specimen.

Foaming

Specimens used for foaming studies were first wrapped in

porous paper towel, and then placed in a pressure vessel which

was maintained at 5 MPa. Samples were kept in the pressure

vessel for 10 h to ensure the full absorption of CO2. After full

saturation, samples were immediately removed from the pres-

sure vessel, and quickly transferred to and immersed in a hot

silicone oil bath (Thermo Haake B5) set at a desired tempera-

ture. The foaming time used for all samples was 30 s. After

foaming, the sample was immediately quenched in room tem-

perature water to stop further foaming.

Characterization

The excess silicone oil was removed from the surface of the

sample before any characterization. The density of each sample

was determined according to ASTM D792 using Mettler AE240

analytical scale. Samples were allowed to desorb for at least 1

week before density measurement was performed in order to

eliminate the effect of residual CO2. A representative set of sam-

ples were imaged with a scanning electron microscope (SEM) to

examine the microstructures produced. All images were taken

on an FEI Sirion SEM. Samples were first scored with a razor

blade and freeze fractured with liquid nitrogen to expose the

cross-section. They were then coated with Au/Pd for 90 s at a

current of 18 mA. Micrographs were taken at the center of the

cross section of the specimen and analyzed using software

ImageJ (National Institute of Health, USA). Average cell size

was calculated by taking average cell diameters of at least 50

cells in the SEM micrographs. Cell nucleation density (number

of cells nucleated per cubic centimeter of the unfoamed sample)

was calculated using a procedure described in literature.18

RESULTS AND DISCUSSION

Effect of Tg and Tsat on CO2 Solubility

CO2 solubility is defined as the equilibrium CO2 concentration

for each specific saturation condition. CO2 concentration is

usually expressed as a percentage of the original polymer mass,

e.g., 10% CO2 concentration means that 10% of the mass of

original polymer is now absorbed into the polymer. There was a

short time interval between the pressure release and weight

measurement in the sorption experiment. To account for the

CO2 loss during this interval, the solubility of CO2 in the sam-

ples was obtained by extrapolating the desorption curve to zero

desorption time. Detailed procedures can be found in litera-

ture.21,22 Solubility for both COC78 and COC158 at different

saturation temperatures are summarized in Table II and plotted

in Figure 1.

We can see that as Tsat increases, the solubility for both COCs

decreases. Also, we can see that the higher Tg COC has a higher

solubility in every saturation temperature. Hu et al.20 measured

Table I. Materials Used in This Study

Commercial
name Tg (�C)

Density
(g/cc)

Norbornene
content
(mol %)20

Designated in
this paper as

TOPAS 8007 78 1.02 40 COC78

TOPAS 6015 158 1.02 54 COC158
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the solubility of four different COCs with Tg varying between

81 and 173�C and conducted sorption experiments up to 3.2

MPa at room temperature. They reported higher solubilities in

higher Tg COC. The higher solubility was believed to be due to

the larger free volume in the higher Tg COC. Bulky norbornene

on the backbone disrupt the chain packing, thereby increasing

the free volume. The measured fractional free volume at room

temperature was 0.119 for 154�C Tg COC and 0.062 for 81�C
Tg.20

Also, solubilities of both COCs seem to converge at high satura-

tion temperatures. This might be due to the decreasing free vol-

ume in both COCs as the temperature increases. A higher

temperature allows higher chain mobility and thus less unoccu-

pied free volume.

The temperature dependence of solubility is typically given by

Arrhenius equation,15,16,23

S5S0exp 2
DHS

RT

� �
(1)

where S0 is the pre-exponential factor, DHS is the heat of sorp-

tion or enthalpy change upon solution of gas in the polymer,

and R is the gas constant.

Figure 2 shows the natural logarithm of solubilities as a func-

tion of the reciprocal of saturation temperature. A linear trend

can be seen for both grades of COC. From the slopes, we calcu-

lated the heat of sorption to be 28.2 and 210.5 kJ/mol for

COC78 and COC158, respectively. Negative values indicate the

exothermic nature of the sorption of CO2 in COC. By compar-

ing the two heats of sorption, we observe a larger heat release

from the sorption of CO2 in higher Tg COC.

Effect of Tg and Tsat on CO2 Diffusivity

One of the commonly used methods to determine diffusivity

from a sorption plot is the initial slope method, which uses the

slope of the initial part of a normalized sorption plot. At suffi-

ciently short sorption times, the total mass uptake of gas in

thin sheets can be described by24

Mt

Mi

5
4

L

Dt

p

� �0:5

(2)

where Mt is the amount of gas absorbed into polymer at time t,

Mi is the equilibrium concentration, D is the diffusivity (cm2/s),

and L is the polymer thickness (cm). Diffusivity can then be

calculated from the slope R of the early part of Mt/Mi vs t0.5/L

plots.

D5
pR2

16
(3)

In Figure 3, we have plotted the early part of the CO2 uptake

curves in COC78 with the time axis normalized for thickness,

in units of (t0.5/L), where t is in seconds and L is in centimeters.

From the slopes, we can obtain sorption diffusivities using eq.

(3). Similarly, we can get sorption diffusivities for COC158.

Both are summarized in Table II.

From the data, we see that as Tsat increases, diffusivity also

increases. The effect of temperature on the diffusivity of gas in

polymers was first shown by Barrer25 and later confirmed by

others15,16 to be that of an activated process obeying the Arrhe-

nius relationship:

D5D0 exp 2
DHD

RT

� �
(4)

Table II. Summary of Solubility and Diffusivity for COC78 and COC158

Solubility (%) Diffusivity (cm2/s)

Tsat (�C) COC78 COC158 COC78 COC158

20 5.40 7.80 1.23 3 1028 1.43 3 1028

40 4.16 5.62 2.40 3 1028 2.84 3 1028

50 3.84 5.05 3.46 3 1028 3.80 3 1028

60 3.45 4.40 7.55 3 1028 4.91 3 1028

70 3.25 4.04 1.63 3 1027 6.83 3 1028

80 3.07 3.76 2.78 3 1027 9.08 3 1028

Figure 1. Solubility of COC78 and COC158 at different saturation tem-

peratures. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 2. Natural logarithm of solubility as a function of reciprocal of sat-

uration temperature for COC78 and COC158. Two best-fit lines are also

included. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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where D0 is the pre-exponential factor, DHD is the activation

energy for diffusion, R is the gas constant, and T is the temper-

ature in Kelvin.

Figure 4 shows the natural logarithm of sorption diffusivities as

a function of the reciprocal of saturation temperature. A single

linear trend can be observed for COC158, with an activation

energy of 26.2 kJ/mol. However, for COC78, there exist two dif-

ferent linear lines for temperatures above and below 50�C, with

a larger slope for above 50�C case. The activation energy of dif-

fusion is calculated to be 66.7 and 27 kJ/mol, for the tempera-

ture above and below 50�C, respectively.

When below 50�C, COC78 has similar diffusivities and activa-

tion energy as the COC158. Segmental chain mobility and free

volume likely influence the diffusion process of CO2 in polymer.

A higher segmental chain mobility enables a faster diffusion,

and larger free volume also enables a faster diffusion. Compared

to COC78, COC158 has lower segmental chain mobility, but

higher free volume. These two influence the diffusion in oppo-

site ways. The net effect is a slightly higher diffusivity and lower

activation energy in COC158.

The sudden change of activation energy at 50�C for COC78 is

probably due to the glass transition happening around this tem-

perature. Absorption of CO2 depresses the Tg of polymer. At

around 50�C, the amount of CO2 absorbed sufficiently

depresses Tg of COC78 to below the saturation temperature,

and as a result, the polymer is in the rubbery state.

The phenomenon that higher activation energy is needed when

polymer is in rubbery state was previously reported and

explained by Meares26 in the diffusion of O2 and Ar in polyvi-

nyl acetate. The higher activation energy in the rubbery state is

due to a larger zone of activation. Above Tg, gas molecules

which dissolve in the polymer must create their own “holes” by

separating the interchain polymer contacts. The penetrant then

diffuses through the polymer matrix along cylindrical voids cre-

ated by the synchronized rotation of polymer segments about

the CAC bonds. Below Tg, the polymer consists of regions of

densely packed and arranged chains which have limited freedom

for rotation, separated by less dense regions of disordered

chains that form the “holes” into which the gas absorbs. The

gas molecule diffusion between the holes by slight compressing

of localized chains in the dense regions enabling the gas mole-

cules to pass through. The compression in the glassy state does

not create the long cavities common to the rubbery state, indi-

cating that the zone of chains activation is much larger in the

rubbery state.

Effect of Tg on Foaming and Foam Morphology

From the solubility study above, we know that at the same satu-

ration temperature, COC78 and COC158 have different CO2

solubilities. Gas concentration is one of the most significant fac-

tors affecting the cell nucleation.18,19 In order to decouple the

Tg effect and gas concentration effect, we need to first saturate

both grades of COC with a similar level of CO2 concentration.

COC78 was saturated at 20�C to achieve a CO2 concentration

of 5.4%, and COC158 at 40�C to get 5.62% CO2 concentration.

Samples were then foamed in a range of foaming temperature.

Figure 5 shows the relative density for both COC78 and

COC158. The same general trend of decreasing density with the

increasing foaming temperature up to a certain temperature is

observed. Afterward, relative density increases with a further

increase in the foaming temperature. This has been previously

observed in other polymer–gas systems3,4,27 and was attributed

to the cell collapse at higher foaming temperatures.

The threshold foaming temperature, i.e., minimum temperature

for foaming to occur, is 50�C for COC78 and 90�C for

COC158. The similar gas concentration in these two COCs

introduces a similar plasticization effect. However, the high Tg

COC has more rigid chain and less chain mobility to start with,

thus a higher threshold foaming temperature in higher Tg COC

can be expected.

The density decrease is slightly steeper in the COC78. It takes

about 50�C increase in foaming temperature to reduce the rela-

tive density from 100% down to 20%, whereas 80�C is needed

for COC158 to reach the same density reduction. The nucleated

Figure 3. Early parts of sorption curves for COC78 at different saturation

temperatures. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Natural logarithm of diffusivities as a function of reciprocal of

saturation temperature for COC78 and COC158. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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cells grow to a certain size upon heating at a given foaming

temperature. The final cell size is a complex function of gas sat-

uration temperature and pressure, the polymer Tg, polymer

matrix viscosity and extensional viscosity and its dependence on

temperature, and the foaming temperature. The observation

that for the higher Tg COC, a larger temperature increase is

needed to reduce the density from 100 to 20% can be explained

by the fact that the viscosity of the COC158 is higher than that

of the COC78. Thus, a higher temperature is needed to achieve

the cell growth that corresponds to a 20% relative density.

Figures 6 and 7 compare the nucleation density and average cell

size of COC78 and COC158 foams. An enhanced cell nucleation

can be observed in the COC158. The cell nucleation density is

on the order of 109 cells/cm3 for COC158, whereas for COC78

the nucleation density is mostly on the order of 107 cells/cm3.

Almost two orders of magnitude higher nucleation density is

achieved in the higher Tg COC. The mechanism for a higher

nucleation density in the higher Tg COC is not yet understood

and is a subject of continuing investigation. Smaller cell size is

seen in higher Tg COC. Cell size of COC158 is between 3 and

10 lm, whereas COC78 has a cell size from 10 lm up to 60

lm. SEM images of representative samples of both grades are

shown in Figure 8. At similar densities, COC158 has a much

smaller cell size than COC78.

Effect of Tsat on Foaming and Foam Morphology

The high Tg COC158 was selected to study the effect of satura-

tion temperature on microcellular foaming. From the sorption

study, we know that saturation temperature affects the solubility

(Table II). The effect of saturation temperature can be viewed

as the effect of gas concentration. Samples were initially satu-

rated at 60, 40, and 20�C, and CO2 concentration of 4.4, 5.62,

and 7.8% were achieved, respectively.

Figure 9 shows the relative density of foams saturated at differ-

ent temperatures and then foamed in a range of temperatures.

At higher saturation temperature, the CO2 concentration is

lower. A higher threshold foaming temperature is needed, and a

more rapid decrease of relative density with foaming tempera-

ture is observed. Figures 10 and 11 show the nucleation density

and average cell size as a function of CO2 concentration. The

straight trend line indicates that nucleation density increases

exponentially with CO2 concentration. Similar exponential rela-

tionship was reported in other polymer–gas systems.15,16 Also,

average cell size decreases exponentially with increasing CO2

concentration. At 7.8% CO2, cell size falls below 1 lm into the

ultramicrocellular region. The smallest cell size is about 380 nm.

Figure 12 shows the microstructures of representative samples

that were saturated at different temperatures and then foamed

at 130�C.

A novel hierarchical structure (Figure 13) is observed in the

very low-density foams. This sample was first saturated at 20�C
and then foamed at 170�C. It has a relative density of 9.1%.

The hierarchical structure consists of microcells with cell size

about 2.5 lm and nanopores with cell size about 80 nm. The

cell wall is only about 50 nm in thickness. The spaces enclosed

by the cell walls of the microcells are interconnected through

the nanopores. This novel structure may possess some unique

thermal insulation, sound absorption, and filtration properties.

Figure 5. Relative density curves for COC78 and COC158, with two verti-

cal lines indicating the two Tgs. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 6. Nucleation density at different foaming temperatures for

COC78 and COC158. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. Average cell size at different foaming temperatures for COC78

and COC158. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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It can potentially be used in many applications, such as filtra-

tion membranes and battery separators.

Nanoporous structures on cell walls were previously reported in

polyetherimide,28 polycarbonate,29 and polyethersulfone.30 The

nanoporous structures only existed on the surface of the cell wall,

with solid polymer underneath the nanoporous structure and

thus two neighboring microcells are not interconnected. However,

in this study, the pores occupy the whole thickness of the cell wall

and microcells are interconnected through these pores. The for-

mation mechanism of the hierarchical structure is not understood

at present. One possible mechanism is the stress-induced cell

nucleation on the cell wall. During cell growth, the cell walls of

the microcells experience a large tensile stress from the stretching.

The large tensile stress can cause the residual CO2 on the cell wall

to nucleate and form new cells. The formation mechanism is cur-

rently under investigation.

Figure 8. SEM images of COC78 foams with relative density and cell size of (a) 75%, 22.6 lm and (b) 55%, 20.6 lm; COC158 foams with relative den-

sity and cell size of (c) 78%, 4.8 lm and (d) 53%, 6.3 lm.

Figure 9. Relative density as a function of foaming temperatures for

COC158 saturated at different saturation temperatures. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

Figure 10. Nucleation density as a function of CO2 concentration

achieved via different saturation temperatures. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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SUMMARY

The effects of Tg and Tsat on the solid-state microcellular foam-

ing of COC, including CO2 solubility, diffusivity, cell nuclea-

tion, and foam morphology, were investigated in this study.

COCs of low Tg (78�C) and high Tg (158�C) were used in this

study. The Tgs were varied by adjusting the amount of norbor-

nene content in the composition of copolymer, with higher nor-

bornene content in the higher Tg COC. A temperature range of

20–80�C was chosen to study the effect of Tsat.

Solubilities decrease with increasing Tsat, and Arrhenius relation-

ship between solubility and saturation temperature is observed for

both COCs. Solubilities are 20–50% higher in high Tg COC than

the low Tg COC across the saturation temperature range. Diffusiv-

ities increase with increasing Tsat. Diffusivities are about 15%

higher on average in high Tg COC for temperatures up to 50�C. A

much faster increase of diffusivity beyond 50�C is observed in low

Tg COC probably due to it being in the rubbery state.

We decoupled the effect of Tg and effect of gas concentration.

Relationships between relative densities and foaming temperature

for COC78 and COC158 are also established. Under similar CO2

concentration, high Tg COC starts foaming at a higher tempera-

ture. And the density decreases faster in low Tg COC with foam-

ing temperature. Also, high Tg COC foams show about two

orders of magnitude higher cell nucleation density than the low

Tg COC foams, and the cells are smaller in the high Tg foams.

The effect of Tsat on the microcellular foaming of COC was also

studied using the high Tg COC. The effect of Tsat can be viewed

as the effect of gas concentration. As the Tsat decreases, the gas

concentration increases. As the gas concentration increases, cell

nucleation density increases and cell size decreases, both

Figure 11. Average cell size as a function of CO2 concentration achieved

via different saturation temperatures. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 12. COC158 samples saturated at different temperatures and then foamed at 130�C: (a) Tsat 5 60�C, RD 87.1%, cell size 8.4 lm; (b) Tsat 5 40�C,

RD 77.8%, cell size 4.8 lm; (c) Tsat 5 20�C, RD 64.4%, cell size 0.76 lm.
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exponentially. Uniform ultramicrocellular structure with an

average cell size of 380 nm was created. A novel hierarchical

structure with �2.5 lm microcells and 80 nm nanopores on the

cell walls was discovered in the very low-density foams.
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