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Effect of Interfacial Tension on the Cell Structure of Poly(methyl
methacrylate)/Bisphenol A Polycarbonate Blends Foamed with CO2

Pengjian Gong, Masahiro Ohshima
Department of Chemical Engineering, Kyoto University, Kyoto 615-8510, Japan
Correspondence to: M. Ohshima (E - mail: oshima@cheme.kyoto-u.ac.jp)

ABSTRACT: A small amount of low-decomposition temperature poly(methyl methacrylate), (low-Td PMMA), can be used as a compa-

tibilizer for high-decomposition temperature PMMA (high-Td PMMA) and polycarbonate (PC) blend systems. When low-Td PMMA

is thermally decomposed in the PMMA/PC blend, the PMMA-g-PC copolymer is formed. This copolymer decreases the interfacial

tension between PMMA and PC, decreases the domain size of PC and increases the interfacial area. Blends of high-Td PMMA/PC

with different amounts of low-Td PMMA undergo a batch physical foaming with CO2. With increasing amounts of low-Td PMMA,

which is equivalent to increasing the PMMA-g-PC copolymer, the number density of bubbles increases due to the increase of the

interfacial area of disperse domains. However, the interfacial tension is decreased and the heterogeneity of PMMA/PC blend is

decreased with increasing amounts of the copolymer. The number of bubbles per unit interfacial area and that per unit number of

domains are decreased.. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39228.
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INTRODUCTION

Polymeric foams are found in virtually every aspect of our daily

lives, and they are used in a wide variety of applications, such as

cushioning for furniture, food trays, packaging, thermal insulation

materials, and in shock and sound attenuation materials.1 The cell

morphology of the foams, which is characterized by the cell den-

sity, cell size, and open and/or closed-cell structures, is selected

based on the applications.2 The desired cell morphology in the

foams is prepared by selecting appropriate polymers, additives,

fillers, processing schemes and tuning the processing conditions.

In polymer foaming processes, bubble nucleating agents such as

talc or clay are often used to enhance the bubble nucleation and

to improve the uniformity of the cell morphology. The nucleat-

ing agent increases heterogeneity in the polymer matrix and

provides bubble nucleation sites with low activation energies

where homogeneous bubble nucleation is significantly sup-

pressed while heterogeneous bubble nucleation is enhanced.3,4

The interfacial tension between the polymer matrix and the

nucleating agent predominately determines the heterogeneous

bubble nucleation and growth behaviors. Differences in the dif-

fusivity and solubility of the foaming agent in the blend poly-

mer could also be key factors for the heterogeneous nucleation

of bubbles when disperse polymeric domains are used as bubble

nucleating agents during the foaming of polymer blends.

A number of studies have been conducted on polymer blend

foams where a minor polymer phase was used as a bubble

nucleating agent and the relationship of the nucleation and

growth of bubbles with the interfacial properties of the blended

polymers was investigated. Sharudin et al. considered using a

high interfacial tension polymer as a bubble nucleating agent

and investigated the effect of the interfacial tension between

polymers on bubble nucleation using polypropylene (PP)/poly-

styrene (PS) and PP/poly(methyl methacrylate) (PMMA) blends

as example systems, where PP was used as a nucleating agent.5

They conducted visual observation experiments, which revealed

that the disperse PP domain acted as a bubble nucleating agent

due to the higher interfacial tension between PP and PS as well

as PMMA. During foam extrusion processes of pure low-density

polyethylene (LDPE), microcellular foams could not be pro-

duced due to the high activation energy for bubble nucleation.

Therefore, Park et al. blended PS with LDPE to induce hetero-

geneous bubble nucleation, which increased the cell density.6 In

addition to the immiscible polymer blends, block copolymer

micelles were also investigated as an effective bubble nucleating

agent. Siripurapu et al. reported that the cell density was signifi-

cantly increased by adding CO2-philic copolymers, PMMA-g-

poly (dimethylsiloxane) (PDMS) and/or PMMA-b-poly (fluo-

rooctyl methacrylate) (PFOMA), to a PMMA matrix.7 However,

Spitael et al. observed that the micelles formed by PS-b-poly

VC 2013 Wiley Periodicals, Inc.
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(ethylene propylene) (PEP) and/or PS-b-PMMA diblocks were

not effective as bubble nucleating agents in a PS matrix.8 It

appears that the role of copolymer micelles is still ambiguous.

Compatibilizers are often used in polymer blends and compo-

sites to modify the interfacial properties and to increase the dis-

persibility of the minor phase in the matrix. Zhai et al. investi-

gated the foaming behavior of PP/PS blends in which the PS-g-

PP copolymer was used as a compatibilizer.9 The authors

reported that PS-g-PP copolymers with longer PS graft chains

could improve the compatibility, and the copolymers decreased

the domain size and lowered the CO2 diffusion coefficient. The

reduction of the domain size could increase the cell density.

Ruckdaschel et al. reported a similar result in their foaming of

poly(2,6-dimethyl-1,4-phenylene ether (PPE)/poly(styrene-co-ac-

rylonitrile) (SAN) blends, in which the increase in the interfa-

cial compatibility of the minor phase polymer could improve

the dispersibility of the domains and increase the cell density.10

Reactive blending was conducted using diblock or graft copoly-

mers to improve the interfacial properties of the minor and ma-

trix phases and to produce well-dispersed polymer blends. Reac-

tive blending is a unique and effective method for preparing a

copolymer that has two distinct segments, typically a block or a

graft copolymer, such that the copolymer can penetrate into

both the matrix and disperse phases and modify the affinity

between both phases.11 In our previous study, reactive blending

was utilized to form a polyethylene terephthalate (PET)-PC di-

block copolymer, and we investigated the effects of the copoly-

mer on the foaming behaviors of PET/PC blends.12 It was

observed that the PET-PC di-block copolymer increased the

compatibility and enhanced the interfacial affinity.

For polymer blend foaming processes, the coalescence and

aggregation of disperse domains results in less interfacial area

and leads to a reduction in the number of bubble nucleation

sites. Therefore, it is desirable to prevent the coalescence and

aggregation of bubble nucleating agents, i.e., disperse polymer

domains, and to uniformly disperse these nucleating agents as

much as possible. To increase the dispersibility of the nucleating

agents, the interfacial properties of the nucleating agents are

modified and the heterogeneity of the nucleating agents is

reduced through modifications of their surfaces or interfaces.

These modifications might depress the heterogeneous bubble

nucleation rate because when the interfacial tension between

blended polymers is less than the surface tensions between the

polymers and foaming gas, the energy required for bubble

nucleation at the interface becomes high. This competitive effect

of surface (interface) modification of bubble nucleating agents,

i.e., minor polymer phase, has not yet been quantitatively inves-

tigated, although several studies have been reported on success-

ful improvements of the cellular structure by controlling the af-

finity of the disperse domain with the use of compatibilizers, as

mentioned above.

In this study, the CO2 foaming behavior of a polymer blend,

PMMA/PC blend, with a compatibilizer was investigated to

determine the effect of interfacial tension between disperse and

matrix polymers on bubble nucleation. The copolymer was pro-

duced in the PMMA/PC blend through reactive blending and

was used as the compatibilizer. PMMA/PC blends have been

extensively studied, particularly in terms of the miscibility of

the blend.13�17 The thermal degradation of PMMA occurs at

approximately 240�C and produces macro-radicals, which could

react with the molecular chains of PC to form a graft copoly-

mer in the PMMA/PC blend. The graft copolymer subsequently

increases the miscibility between the PMMA and PC phases.18

Cole et al. reported that the adhesiveness of the PMMA-PC

interface prepared by high-temperature melt blending (reactive

blending) was six times greater than that prepared by solvent

blending due to the formation of the graft copolymer.19 The

authors concluded that the thermal degradation reaction pro-

vides a unique route to improve the miscibility of the system.

We used a grade of PMMA where the thermal degradation tem-

perature was low (low-Td PMMA) to produce the copolymer,

and used the copolymer as a compatibilizer during the reactive

processing of a high-thermal degradation temperature PMMA

(high-Td PMMA) and PC blend. The Palierne model was

applied to calculate the interfacial tension between the domain

and matrix polymers in the blend prepared through the reactive

blending of PMMA/PC with the low-Td PMMA. By observing

the number density of the cell, the number density of the do-

main and the bubble as well as domain sizes from SEM micro-

graphs of the blend foams, the number of bubbles per unit

interfacial area and that of per unit number of domains were

calculated to quantitatively determine the effect of interfacial

tension on bubble nucleation.

EXPERIMENTAL

Materials

PC (Taflon A2600, Mw ¼ 32,000 g mol�1, Idemitsu Kosan,

Japan), which had a density of 1.2 g cm�3 and a melt flow

index of 6 g/10 min (300�C, 1.2 kg), and a high-thermal degra-

dation temperature PMMA (high-Td PMMA; SUMIPEX LG,

Mw ¼ 123,000 g mol�1, Sumitomo Chemical, Japan), which

had a density of 1.18 g cm�3, a melt flow index of 10 g/10 min

(230�C, 3.8 kg) and a thermal decomposition temperature, Td,

of 314�C (2% weight loss at 10�C min�1 in a nitrogen atmos-

phere), were used as the disperse domain and matrix polymers,

respectively. The low-thermal degradation temperature PMMA

(low-Td, PMMA; Mw ¼ 120,000 g mol�1, Aldrich Chemistry,

Japan), which had a Td of 240�C (2% weight loss at 10�C
min�1 in a nitrogen atmosphere), was used to form a copoly-

mer and make the high-Td PMMA compatible with PC. Isotac-

tic PP (i-PP; Prime polymer F133A) with a 97% tacticity and a

melt flow index of 3 g/10 min (230�C, 2.16 kg) was used as a

disperse polymer in a reference blend system. i-PP has a melting

temperature of 167�C, and its crystallinity is 57.5%. All the

polymers were used as received. The glass transition tempera-

tures (Tg) of the low-Td and high-Td PMMA are 96�C and

103�C, respectively. The Tg of PC is 151�C. CO2 (99.95% pure)

(Showa-Tansan, Japan) was used as a physical foaming agent.

Preparation of the PMMA/PC and PMMA/PP Blends

Both high-Td and low-Td PMMA and PC pellets were dried at

70�C in a temperature-controlled oven for at least 2 days to

remove moisture before blending. Pellets of the low-Td PMMA

and PC were first dry-mixed at three different weight ratios of
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low-Td PMMA to PC, 0/100, 5/95 and 10/90. These mixtures

were fed into a melt-mixer (Labo Plastomill, 4C150 Toyoseiki,

Japan) to reactively blend at 240�C. The reactive blending was

conducted for 30 min to ensure that the low-Td PMMA fully

reacted with the PC. The obtained samples were subsequently

mixed with the high-Td PMMA using the same melt-mixer at

240�C for 10 min to prepare the PMMA/PC blend. The

PMMA/PC blends were prepared with two different weight

ratios of the low-Td and high-Td PMMA to PC, 90/10 and 70/

30. The detailed weight ratios of the low-Td and high-Td

PMMA to PC in the blends are summarized in Table I.

A high-Td PMMA and PP blend was prepared as a reference

system. The PMMA/PP blend with a 70/30 weight ratio exhib-

ited a co-continuous phase morphology. Therefore, only the 90/

10 PMMA/PP blend was prepared by melt-blending for 10 min

at 220�C in the same mixer and used as the reference system.

Reactive blending and melt-blending were conducted by rotating

a kneading rotor at 10 rpm for the first 2 min, and then the

rotation speed was increased to 50 rpm for the remaining time.

After blending, the blends were molded into the plate-shape of

35 mm in width, 60 mm in length and 1 mm in thickness using

a hot compression molding machine. The copolymer, which was

generated by the reaction between low-Td PMMA and PC, was

extracted using a selective solvent (acetone) for PMMA, and the

soluble fraction was analyzed by infrared spectroscopy.15

CO2 Foaming

All the blends were placed into a high pressure autoclave to dis-

solve CO2 at 10 MPa under three different sorption and foam-

ing temperatures, 60, 80, and 100�C. After saturating the blends

with CO2 for 22 h, the pressure in the autoclave was released

within 2 s to induce foaming. The sorption time of 22 h was

fixed for all experiments to ensure the same equilibrium state.

Measurements of PMMA/PC Blends Reaction

A thermogravimetric analyzer (TGA: DTG-60H, Shimadzu, Japan)

was used to determine the thermal degradation temperatures of

the high and low-Td PMMA from the weight loss measured dur-

ing heating. PMMA was heated from 40 to 240�C at a rate of

10�C min�1 and held at 240�C for 60 min. At 240�C, reactive or

melt-blending occurred. The entire process was conducted under

a nitrogen purge at a flow rate of 50 mL min�1. A differential

scanning calorimeter (DSC: Pyris 1 Perkin Elmer) was used to

measure the Tg. The samples were heated from 40 to 260�C at a

rate of 10�C min�1, held at that temperature for 5 min and then

cooled to 40�C. The first scan was performed to remove the ther-

mal history, and the Tg was therefore determined from the second

scan. The rheological properties were measured using a rheometer

(Advanced Rheometric Expansion System, ARES, TA Instruments)

to observe the changes in the rheological properties of the

PMMA/PP and PMMA/PC blends. Parallel plate geometry was

used for the dynamic frequency sweep tests at 240�C for the

PMMA/PC blends and at 220�C for the PMMA/PP blend in the

frequency range of 0.01 to 100 rad/s. Gap of 1 mm and strains of

10 to 15% were applied during the measurements. A strain sweep

test was also conducted to determine the strain limit for a linear

viscoelastic response. The phase angle was checked at lower fre-

quencies to avoid inaccurate data where the phase angle was too

close to 90�.20 Fourier transform infrared spectroscopy (FT-IR:

VERTEX 70, Bruker Optik GMBH, Germany) was used to investi-

gate the characteristic chemical groups in the PMMA/PC blends

in the range of 400 to 4000 cm�1 at a resolution of 4 cm�1. The

film of soluble fractions was prepared by solvent evaporation

before the measurement.

Characterization of Blend and Foam Morphology

Scanning electron microscopy (SEM) was used to observe the

blend and cell morphology of the foam. The samples were fro-

zen in liquid nitrogen to create cryogenic fractural surfaces and

then coated with gold for 180 s before observation under a

SEM (Tiny-SEM 1540, Technex Co. Ltd., Japan) or field emis-

sion SEM (JSM-6700F, Jeol, Japan). FESEM (JSM-6700F)

images were collected at an acceleration voltage of 10 kV, a cur-

rent of 5 lA and a wide distance of 8 mm. The image process-

ing software ImageJ was used to calculate the disperse domain

density, Nd, and the number average domain radius, Rd , from

the SEM micrographs.

Rd ¼
1

c

Xc

i

Ri (1)

Nd ¼
/

Vc

¼ /
4
3c

p
Pc

i R3
i

(2)

where Ri is the radius of the i-th domain measured from the

SEM micrographs. Rd is calculated by averaging the domain

radii. / is the volume fraction of the disperse domain, and it is

calculated from the weight ratios and densities of both

polymers.

The interfacial area between the disperse domain and matrix

per unit volume of blend, S, is calculated by:

S ¼ NdSc ¼ Nd
4

c
p
Xc

i

R2
i (3)

where Sc is the number average domain surface.

The cell density, Nf, and the number average cell radius, Rn,

were also calculated from the SEM micrographs. The bulk den-

sities of the samples before and after foaming were measured

using a densitometer (Mirage Electronic Densimeter MD-200S)

and used for the cell density calculation. The cell density was

then calculated by:21

Nf ¼
qf

qs

� n

A

� �1:5

(4)

Table I. Weight Ratio of PMMA/PC Blends

Component high-Td PMMA/low-Td PMMA/PC

Sample no. 1 2 3

PMMA/PC 90/10 90/0/10 89.5/0.5/10 89/1/10

PMMA/PC 70/30 70/0/30 68.5/1.5/30 67/3/30
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where n is the number of bubbles in a total area A. qf and qs

are the densities of the foam and solid bulk, respectively.

The number of observable bubbles per unit interfacial area, Ds,

and the number of observable bubbles per unit number of

domains, Dd, were calculated by

Ds ¼ Nf =S (5)

Dd ¼ Nf =Nd (6)

THEORY OF BLEND CHARACTERIZATION IN BRIEF

Component Fraction from the Fox Equation

The Tg of a miscible polymer blend is estimated through the

Fox equation. When this equation is applied to partially misci-

ble polymer blends to calculate the composition of each phase,

it is common to assume that the minor polymer is homogene-

ously infused in the major polymer phase. We applied the Fox

equation to the PMMA/PC blend to estimate the weight frac-

tion of PMMA infused in the PC domain and that of PC

infused in the PMMA matrix.22,23

1

T
0
g

¼ x0PMMA

TgPMMA

þ x0PC

TgPC

(7)

and

1

T 00g
¼ x00PMMA

TgPMMA

þ x00PC

TgPC

(8)

where x0PC is the weight fraction of PC infused in the PMMA-

matrix, x0PMMA (1 � x00PC ) is the weight fraction of PMMA in

the PMMA-matrix, x00PMMA (1 � x00PC ) is the weight fraction of

PMMA in the PC-domain, x00PC is the PC weight fraction in the

PC-domain, T
0
g is the glass transition temperature of the

PMMA-matrix, T 00g is the glass transition temperature of

the PC-domain, TgPMMA is the glass transition temperature

of the pure PMMA and TgPC is the glass transition temperature

of the pure PC.

The weight fractions of PC in the PMMA matrix and that of

PMMA in the PC domain were calculated using eqs. (9) and

(10) with the Tg data of blend and neat polymers.

x
0

PC ¼
TgPCðTgPMMA � T

0
g Þ

T
0
g ðTgPMMA � TgPCÞ

¼ 1� x0PMMA (9)

and

x00PMMA ¼
TgPMMAðTgPC � T 00g Þ
T 00g ðTgPC � TgPMMAÞ

¼ 1� x00PC (10)

Furthermore, the weight fractions of both the PC domain and

the PMMA matrix could be calculated from mass balances by

transforming eqs. (9) and (10)

x0 ¼ xPC � x00PC

x0
PC � x00PC

(11)

and

x00 ¼ xPC � x0PC

x00PC � x0PC

(12)

where x0 is the estimated weight fraction of the PMMA matrix,

x00 is the estimated weight fraction of the PC domain in the

blend after reactive blending, and xPC is the PC domain weight

fraction (10% or 30%) in the blend before reactive

blending.22,23

Estimate of Interfacial Tension

A sea-island structure is frequently observed in immiscible poly-

mer blends after blending. In the blending process, the mor-

phology evolution consists of stretching the fluid droplet into

threads, the break-up of the threads into smaller droplets and

the coalescence of the droplets into larger domains.11 The ulti-

mate domain diameter is related to the force balance, which is a

function of the interfacial tension between two components, the

viscosity ratio, and the shear stress. Palierne has reported a

theory for concentrated emulsions with a viscoelastic constitu-

ent.24 This theory can be applied to polymer blends, which go

through dynamic shear with very small drop deformation from

a spherical shape; the geometrical relaxation of the disperse do-

main would lead to a long relaxation process during the

dynamic moduli test in the low frequency region.25 The storage

modulus at the relaxation process, i.e., the G’ at the secondary

plateau, is directly related to the interfacial tension between the

disperse domain and the matrix.26 The Palierne model, which

accounts for the viscoelastic nature of the component phases

and the particle size distribution in non-dilute emulsions,

exhibits a relationship among the complex shear modulus,

blend morphology and interfacial tension:20

G� ¼ G�m
1þ 3=2

P
i
/i Ei

Di

1�
P

i
/i Ei

Di

" #
(13)

Ei ¼ 2ðG�d � G�mÞð19G�d þ 16G�mÞ þ
48b�dC

0

R2
i

þ 32b�s ðC0 þ b�dÞ
R2

i

þ

8C0

Ri

ð5G�d þ 2G�mÞ þ
2b�d
Ri

ð23G�d � 16G�mÞ þ
4b�s
Ri

ð13G�d þ 8G�mÞ

(14)

and

Di ¼ ð2G�d þ 3G�mÞð19G�d þ 16G�mÞ þ
48b�dC

0

R2
i

þ 32b�s ðC0 þ b�dÞ
R2

i

þ

40C0

Ri

ðG�d þ G�mÞ þ
2b�d
Ri

ð23G�d þ 32G�mÞ þ
4b�s
Ri

ð13G�d þ 12G�mÞ

(15)

where C0 is the interfacial tension. G�d , G�m, and G� are the com-

plex moduli of the disperse domain, matrix and emulsion in a

range of frequencies, respectively. /i is the volume fraction of a

domain with a radius Ri. b�d is the surface dilatation modulus

associated with area variations, and b�s is the surface shear
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modulus attributed to the resistance of the interface to shear de-

formation. Both of the complex moduli are frequency

dependent.

b�d is usually associated with the non-uniformity of the inter-

face, and b�s is associated with the resistance to shear deforma-

tion. It is assumed that, in the melt blends of this study, the

interface is uniformly occupied by the copolymer such that the

surface dilatation modulus can be ignored. However, due to the

shear deformation resistance of the copolymer, b�s should be

expressed by:20

b�s ¼ b
0

s þ b00s (16)

for xkb < 1:

b
0

s ¼ b0 (17)

b00s ¼ b0xkb (18)

for xkb > 1:

b0s ¼ b00s ¼ b0

ffiffiffiffiffiffiffiffi
xkb

p
(19)

where b0 is a low-frequency plateau in the storage modulus for

the copolymer and kb is a characteristic relaxation time.

/i and Ri were calculated from the SEM micrographs of the

blend morphology. G�d and G�m were determined by individually

measuring the complex moduli of the neat polymers. Then, C0

and b0 were determined such that the complex moduli esti-

mated by the model could fit the experimental data. The

detailed procedure for calculating the interfacial tension can be

found elsewhere.20

Heterogeneous Bubble Nucleation at the Interface

The heterogeneous bubble nucleation rate (J) induced by a pres-

sure quench can be expressed by the following equations:27

J ¼ N 2=3 1�mA

2

� �
2cA

pmBF

� �1=2

exp
�16pc3

AF

3kTsysðPbub;cr � PsysÞ2

" #

(20)

where

F ¼ 1

4c3
A

c3
A 2� 3mA þm3

A

� �
þ c3

B 2� 3mB þm3
B

� �� 	
(21)

mA ¼ cos h ¼ c2
A þ c2

AB � c2
B

2cAcAB

(22)

mB ¼ cos u ¼ c2
B þ c2

AB � c2
A

2cBcAB

(23)

cA, cB, and cAB represent the surface tension between polymer A

and the blowing agent (CO2), polymer B and CO2, and the

interfacial tension between polymer A and polymer B, respec-

tively. N is the number density of the dissolved blowing agent

molecules. Pbub,cr is the pressure in a critical bubble, and Psys is

the system pressure. k is the Boltzmann constant, and Tsys is the

system temperature. In the CO2 foaming process, m, which is

the molecular mass of gas molecules, is 44 g mol�1, and B is

normally approximated to be 2/3. h and u are the angles of cA

with cAB and cB with cAB, respectively.

RESULTS AND DISCUSSION

Characterization of Blend Properties

Because PP is immiscible and did not react with PMMA, only

the PMMA/PC blends were characterized using TGA, DSC, and

FT-IR. The thermal stabilities of the high-Td PMMA and low-

Td PMMA were analyzed using TGA, and the results are shown

in Figure 1. Note that the high-Td PMMA exhibited a very

small degradation with less than a 2% weight loss. However, the

degradation of low-Td PMMA began a weight loss at 200�C and

a knee-point appeared in the weight-time curve at approxi-

mately 240�C. At the end of the TGA measurement, 37% of the

low-Td PMMA proceeded through the thermal degradation

reaction. In our experiment, it was observed that a mixing time

of 40 min was sufficient to complete the grafting reaction

between the low-Td PMMA and PC.

During the thermal degradation reaction between the low-Td

PMMA and PC, a graft copolymer was generated. This copoly-

mer exhibits the same peaks as PMMA and PC in the FT-IR

spectra, which makes identifying the occurrence of a grafting

reaction difficult. The selective solvent extraction method was

employed to overcome this difficulty, where a PMMA-rich

phase is selectively dissolved in acetone. The PC-rich phase

remained as the non-soluble residues.28,29 Because PC molecules

were chemically connected to PMMA in the form of a copoly-

mer and infused in the PMMA-rich phase, the PC chain seg-

ments should be detected in the PMMA-rich phase and

extracted along with the PMMA molecules in acetone. When

the extracted phase, which is the PMMA-rich phase, is analyzed

by FT-IR, the carbonyl stretching band of the PC carbonate

group at 1773 cm�1 and that of the PMMA ester group at 1733

cm�1 may appear in the spectra. However, the presence of the

1773 cm�1 band might be superposed by the 1733 cm�1 band

or the peak would be too small to be detected. In our study,

Debier’s strategy was employed to overcome the aforementioned

problem.29 Figure 2 presents the FT-IR spectra of the 70/30

(PMMA/PC) blends extracted in acetone. Two characteristic

Figure 1. TGA curves of high-Td and low-Td PMMA.
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peaks appeared in the spectra, which are very important for

identifying the existence of the copolymer: (1) 1017 cm�1, the

vibration from a para-disubstituted benzene ring in PC and (2)

990 cm�1, the vibration of the hydrocarbon bond in PMMA.

The emergence of a peak at 1017 cm�1 and the increase in the

height of the peak with the increasing amount of low-Td

PMMA indicated that sample blends No. 2 and 3 in Table I

were partially miscible. For the 70/30 weight ratio blend (sam-

ple No. 1), the amount of copolymer dissolved in acetone may

have been too small to be detected.

With the presence of the copolymer, the miscibility of the high-

Td PMMA and PC increased and the Tg of both PMMA and PC

became closer to each other. Figure 3 presents the DSC curves

of the 70/30 (PMMA/PC) blends with different weight ratios of

low-Td PMMA in the blend. Because PMMA and PC were not

completely miscible, two Tg peaks clearly appeared in the heat-

ing curves of the blend samples. However, the Tg of PC (PC-

disperse domain), which is denoted by T 00g , decreased from 151

to 138�C, and the Tg of PMMA (PMMA matrix), T 0g , increased

from 96 to 99.9�C as the low-Td PMMA ratio increased.

With the assumption that the PMMA segment in the copolymer

was homogeneously infused into the PC domain and a miscible

state was achieved in both the domain and matrix, the Fox

equation was applied to the DSC data and the weight fraction

of PMMA infusing into the disperse PC domain and that of the

PC infusing into the PMMA matrix was estimated using eqs.

(9) and (10). The results of these estimates are presented in Ta-

ble II. The details of the calculations are given elsewhere.30,23

Although the thermal degradation of the high-Td PMMA is dif-

ficult, it appears to have some capability of generating copoly-

mers through the degradation reaction: 9% PC in the PMMA

matrix and 8% PMMA in the disperse PC domain in 70/30

were estimated in sample no. 1, where no low-Td PMMA was

used. As the ratio of low-Td PMMA increased, the weight per-

centage of PMMA infused in the PC domain increased to 16%

in sample no. 3 of the 70/30 blend.

Figure 4 presents the SEM micrographs of the morphologies of

the PMMA/PC (70/30 and 90/10) and PMMA/PP 90/10 blends.

The sea-island morphology was observed in all the blends. The

disperse domain was PP or PC, whereas the matrix was PMMA.

Because the PMMA/PC blends were prepared by reactive blend-

ing, the domain size of PC was considerably smaller than the

PP domain. As can be seen in the DSC data of samples no. 1 to

no. 3, a higher amount of low-Td PMMA would produce con-

siderably more graft copolymer and increase the miscibility

between the PC domain and PMMA matrix. Consequently, the

diameter of the domain decreased. This increase in miscibility

was also observed in the SEM micrographs presented in Figure

4. Cavities or voids were observed in the PMMA/PP and

PMMA/PC no. 1 blends. These morphological features were

produced due to detachment of the PP or PC domain from the

PMMA matrix when we cut the samples for SEM observation.

The number of cavities or voids became insignificant as the

amount of lower-Td PMMA increased.

Characterization of Interfacial Tension

The storage modulus, G’, of the PMMA/PC blends is shown in

Figure 5. The viscoelastic modulus in un-crosslinked amorphous

polymers over a broad range of frequencies normally starts

from the glassy zone, across a transition zone to a plateau zone,

and finally to the terminal zone. In our study, the pure PMMA

and PC polymers were already in the terminal zone at 240�C,

where both the storage modulus and loss modulus decreased

with decreasing frequency. When the frequency was less than

0.25 rad s�1, the storage modulus, G’, of PMMA was too small

to be accurately measured. The G’ of PC also exhibited an erro-

neous value at frequencies less than 0.063 rad s�1. The immisci-

ble characteristic of the PMMA/PP blend produced a less dis-

tinct plateau region; therefore, it was not included in Figure 5.

For the PMMA/PC blends, a plateau region emerged in the fre-

quency range from 1 to 0.063 rad s�1. The plateau at lower fre-

quencies was attributed to the relaxation of the disperse do-

main, whereas the plateau at higher frequencies was attributed

to the relaxation of the matrix.26 Here, the secondary plateau is

highlighted because it is directly related to the interfacial ten-

sion. When the interfacial tension decreases, the domain size

decreases and the total interfacial area increases. The former

Figure 2. FT-IR spectra of PC, PMMA, and 70/30 wt % PMMA/PC

blends (no. 1, 2. and 3).

Figure 3. DSC heating curves of PC, PMMA, and 70/30 wt % PMMA/PC

blends (no. 1, 2, and 3).
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effect shifts the interfacial contribution to higher frequencies,
whereas the latter increases its modulus.31 With the increase of
copolymer, the plateau was shifted to a higher position, as
shown in Figure 5 where the plateau changes from 0.4 rad s�1

in sample no. 1 with a 70/30 ratio to 1 rad s�1 in sample no. 3
with the same ratio. The magnitude of the plateau also
increased to a higher modulus, as shown in the enlarged figure
in lower right corner.

The measured domain size was subsequently used to calculate

the interfacial tension of the PMMA/PP and PMMA/PC blends

through the Palierne model, eqs. (13) to (19). The calculated

interfacial tensions are provided in Table III. The interfacial ten-

sion was determined to fit the experimentally obtained storage

modulus and loss modulus curves with the model. Figure 6

presents the experimental data for both the storage and loss

modulus curves and the model estimate for both the PMMA/

PC and PMMA/PP blends. The Palierne model provided a good

agreement with the experimental data at frequencies greater

than 0.25 rad s�1. Specifically, the location and the magnitude

of the secondary plateau were precisely expressed by the model.

Some fitting error at low frequencies was most likely due to the

inaccurate measurement of the storage modulus of PMMA.

Table II. Tg and the Estimated Weight Percentage of PMMA and PC Composition in the PMMA-Matrix and PC-Domain of the PMMA/PC Blends

PMMA/PC

PMMA matrix PC domain

T 00g (�C) x00PMMA(%) x00PC (%) x00(%) T 00g (�C) x00PMMA(%) x00PC (%) x00(%)

70/30

No. 1 98.8 91 9 74 144 8 92 26

No. 2 99.0 91 9 73 140 13 87 27

No. 3 99.9 88 12 75 138 16 84 25

90/10

No. 1 97.2 96 4 93 145 7 93 7

No. 2 97.3 95 5 93 140 13 87 7

No. 3 97.6 95 5 94 137 18 82 6

Figure 4. The morphologies of the 90/10 wt % PMMA/PP and the 70/30 wt % and 90/10 wt % PMMA/PC blends (no. 1, 2, and 3).
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Note that the PMMA/PP blend exhibited the greatest interfacial

tension of 4.7 mN m�1 and the PMMA/PC blends exhibited

less interfacial tension, which decreased in both the 70/30 and

90/10 blends as the amount of low-Td PMMA was increased.

For polymer blends, the interfacial tensions have been reported

to be rather small values of approximately 1 to 10 mN m�1.31

In the case of polymer blends prepared by reactive blending, the

value of interfacial tension might be even smaller. The nonreac-

tive nylon/rubber blend had an interfacial tension as high as 9

mN m�1, whereas the reactive nylon/rubber blend was on 0.25

mN m�1.32 Virgilio et al. used the breaking thread method and

measured the interfacial tension of PMMA with PP to be 5 mN

m�1.33 Moussaif and Jerome employed the imbedded fiber re-

traction method and measured the interfacial tension of PMMA

with PC to be 0.6 mN m�1.34 The interfacial tension calculated

in this study was quite close to these reported values.

The domain diameter, 2� Rd , and the interfacial area per unit

blend volume, S, for the PMMA/PC and PMMA/PP blends

were then calculated using eqs. (1) to (3), and the data were

Figure 5. Comparison of the dynamic storage modulus curves, G’, of PC,

PMMA, and 70/30 wt % PMMA/PC blends (no. 1, 2, and 3).

Table III. Interfacial Tension Calculated Using the Palierne Model

Blend component
Interfacial
tension (mN/m)

PMMA/PP 90/10 4.7

PMMA/PC 70/30

No. 1 0.76

No. 2 0.63

No. 3 0.51

PMMA/PC 90/10

No. 1 0.47

No. 2 0.41

No. 3 0.37

Figure 6. Fit of the Palierne model to the dynamic modulus data.
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plotted along with interfacial tension, as shown in Figure 7. The

disperse domain size in the PMMA/PC blends was smaller and

their interfacial areas became larger than those of the PMMA/

PP blend. With the increase of copolymer (low-Td PMMA ra-

tio), the diameter of the PC disperse domain decreased. A better

distribution of the PC disperse domain was achieved and larger

interfacial areas were produced, as shown in Figure 7(b). Com-

paring the results of the PMMA/PC blends with a 70/30 weight

ratio to those of the PMMA/PC blends with a 90/10 ratio, the

PMMA/PC blends with a lower PC ratio exhibited a smaller do-

main diameter and less interfacial area at all low-Td PMMA

contents.

Cell Morphology of Foamed Blends

Foaming was conducted using 10 MPa of CO2 at three different

temperatures, 60, 80, and 100�C. Under these foaming tempera-

tures, the PMMA phase could be foamed while the PC and PP

domains would not be foamed, but they could serve as bubble

nucleating agents. Figure 8 presents the SEM micrographs of

the foamed PMMA, PMMA/PP, and PMMA/PC blends. The cell

density and the cell size were calculated from the SEM micro-

graph, and the results are illustrated in Figure 9. All the foamed

samples possessed spherical cell geometries, but the PC domains

were not clearly identified in the cell. This cell morphology of

the PMMA/PC blends was quite different from that of the PEG/

PS blend foams reported by Taki et al. and that of the PET/PC

non-annealed blend foams previously reported by us.35,12 Sharu-

din et al. reported that bubble growth dominated at the inter-

face when the interfacial tension was very large.5 When the

polymers in the blend have extremely small interfacial tension,

the bubble could grow into one polymer.

By blending PP or PC with high-Td PMMA, the cell density of

the foamed blends became considerably greater than that of the

Figure 7. The number average domain diameter, 2� Rd (a) and the

interfacial area per unit blend volume, S (b) of PMMA/PP and PMMA/

PC blends.

Figure 8. SEM micrographs of PMMA, PMMA/PP and PMMA/PC foamed at 80�C under 10 MPa of CO2.
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foamed high-Td PMMA alone [Figure 9(a,b)]. This result indi-

cates that heterogeneous bubble nucleation became more effec-

tive than homogeneous bubble nucleation with the addition of

the PP or PC polymer to PMMA. The experimental results also

indicate that the cell density increased and the cell size

decreased with decreasing foaming temperature. With the

decrease of the foaming temperature, the solubility of CO2 in

the polymer blends and the viscoelasticity of the matrix poly-

mer increased. The increase of solubility provided a higher

degree of supersaturation, and the increase of viscosity reduced

the growth. Both effects served to increase the cell density and

reduce the cell size.

In the blend foaming process, heterogeneous bubble nucleation

predominantly occurs.36�38 The cell density becomes a function

of the interfacial area and the surface and interfacial tensions, as

described by eqs. (20) to (23). Although the exact value of J

was difficult to obtain in our study due to the lack of some

physical parameter values, the effect of interfacial tension on

bubble nucleation could be analyzed from the view of classic

heterogeneous bubble nucleation theory. Goel and Bechman

reported the surface tension of PMMA with CO2, cA, at 60�C
and 10 MPa to be 17 mN m�1.39 Wong et al. measured the sur-

face tension of PC-CO2, cB2, at 240�C and 15 MPa to be 19.5

mN m�1, and Taki et al. measured the surface tension of PP-

CO2, cB1, at 170�C and 10 MPa to be 12 mN m�1.40,41 Com-

pared with the surface tensions of those polymers under pres-

surized CO2, the interfacial tension of PMMA with PC, cAB2, is

extremely small while the interfacial tension of PMMA with PP,

cAB1, is fairly large. Figure 10 presents two cases of blend foam-

ing (case 1); the interfacial tension between the blend polymers

is larger and comparable to those of the surface tensions

between polymers and CO2, and (case 2); the interfacial tension

between the blend polymers is considerably less than those of

the surface tensions between polymers and CO2 (case 2). The

angles of h and u are given in eqs. (20) to (23). In case 1,

which is the case of PMMA/PP, less energy is required for bub-

ble nucleation at the interface between polymers. However, in

case 2, which is the case of PMMA/PC, more energy is required

for bubble nucleation at the interface between two polymers.

Consequently, the nucleation at the interface between PMMA

and PP is easier than at the PMMA and PC interface.

The number of bubbles per unit interfacial area and the number

of bubbles per unit number of domains are shown in Figure 11.

The PMMA/PP blend with a high interfacial tension had a

greater number of bubbles per unit interfacial area than the

PMMA/PC blends. Furthermore, the number of bubbles per

unit number of domains decreased with the reduction of inter-

facial tension because both the nucleation potential at the inter-

face and the domain size decreased. Although the PP domain

might not be well-dispersed due to the higher interfacial tension

Figure 9. Cell density (a) and (b), and cell size (c) and (d), of the blends foamed at 60, 80, and 100�C.
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between PP and PMMA, the PP domain has greater potential

for heterogeneous bubble nucleation than the PC domain. The

experimental results indicate that the polymer blends qualita-

tively follow the classical heterogeneous bubble nucleation

mechanism during the foaming process. The interfacial tension

has a two-pronged effect on bubble nucleation: the interfacial

area can be increased but the heterogeneity is decreased with

decreasing interfacial tension. When the interfacial tension is

large and the heterogeneity plays a primary role in physical

foaming, such as in PMMA/PP, the cell density would decrease

with the reduction of interfacial tension between the blended

polymers. When the interfacial tension is not considerably great

and the interfacial area plays a dominant role, the cell density

would increase with the reduction of interfacial tension, as illus-

trated in Figure 12.

CONCLUSIONS

In this study, the nucleation and growth of bubbles at the inter-

face between blended polymers was investigated by pressure

quenched batch foaming. The miscibility of the PC domain

with the high-Td PMMA was controlled by the addition of low-

Td PMMA, which has a low thermal decomposition temperature

and serves as a compatibilizer by forming a graft copolymer.

The graft copolymer could be produced by melt blending. The

copolymer reduces the dissimilarity of the PC domain from the

PMMA matrix and reduces the interfacial tension between the

two polymers. The reduction of interfacial tension could pro-

mote better distribution of the disperse domain, and the bubble

nucleation was enhanced by increasing the area of the interface.

However, the miscibility at the interface between two blended

polymers might affect the bubble nucleation in different man-

ner. When the interfacial tensions were considerably large and

were intentionally decreased to improve the dispersibility of the

minor phase, the number of bubbles per unit interfacial area

and the number of bubbles per unit number of domains could

decrease and significantly affect the overall cell density.

The actual performance of the compatibilizer on cell morphol-

ogy could be determined by compromising the increase of total

Figure 10. Schematic diagram for the formation of a bubble at the PMMA/PP interface with high interfacial tension (case 1) and the PMMA/PC inter-

face with low interfacial tension (case 2).

Figure 11. The number of bubbles per unit interfacial area (a) and the

number of bubbles per unit number of domains (b) at different foaming

temperatures: 60, 80, and 100�C.

Figure 12. Cell density as a function of interfacial tension at different

foaming temperatures: 60, 80, and 100�C.
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area of heterogeneous interface and the decrease of bubble

nucleation ability per unit interfacial area. In this study, the

true number of bubble nuclei could not be observed due to lim-

itations of the SEM observation. However, this study clearly

reveals an aspect of the effect of the bubble nucleating agent on

the resulting cell morphology.
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