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ABSTRACT: Epoxy resins (bisphenol A type epoxy resins/2-ethyl-4-methylimidazole) consisting of oligomers with different molecular

weights were foamed using a temperature-quench physical foaming method with CO2. The resulting cell morphologies could be clas-

sified into four types: non-foamed structure, cracked structure, star-shaped structure, and sphere-shaped structure. The effects of the

gel fraction and molecular weight between crosslinks (MC) on the cell morphology were investigated for the preparation of microcel-

lular epoxy foams. MC was calculated by measuring the plateau rubber modulus of the rheological properties and the weight uptake

of acetone. By varying the molecular weight of the epoxy oligomers and the cure time, the MC of the epoxy was controlled to modu-

late the cell morphology. The experiments elucidated the threshold MC value that permits CO2-bubble nucleation: CO2-bubble nucle-

ation in the epoxy resin could be induced when the distance between the crosslinking points exceeded the critical size of bubble

nucleus. Based on this information, the microcellular epoxy foam was prepared by maintaining MC above 104g mol21 and the com-

plex modulus above 6 3 108 Pa. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40407.
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INTRODUCTION

Epoxy resins have many superior properties, such as a high

adhesive strength, chemical and heat resistance, high electrical

insulation capabilities, high mechanical strength, etc.1–3 Thus,

they have extensive applications, which include coatings, adhe-

sives, composite materials, electrical insulators, and the protec-

tion of electrical components from short circuiting due to dust

and moisture. Recently, the manufacture of high-end electronic

devices has introduced a strong demand for the reduction of

dielectric loss on electrical circuit boards. The introduction of

air-bubbles into the epoxy-based circuit board is a promising

idea to lower the dielectric loss because the dielectric constant

of the air is smaller than that of the resin. However, the intro-

duction of these bubbles deteriorates the mechanical properties

of the epoxy board. Therefore, micro- or nanocellular foams

could be useful in lowering the dielectric property while pre-

serving the mechanical properties of the solid board. The prepa-

ration of micro- and nanocellular foams from thermoplastic

polymers has been extensively studied.4–11 Moreover, a reduc-

tion in cell size has been verified to improve certain mechanical

properties, such as the tensile strength, modulus, strain to fail-

ure, impact energy, etc.12,13 However, few studies have been

published on microcellular foams of thermosets, especially

epoxy resins. Microcellular epoxy foams can provide high

mechanical properties and improve the electrical properties

(lower dielectric loss). Epoxy foams have been produced mainly

by chemical blowing agents and syntactic foaming, which con-

sists of epoxy resins and porous fillers, such as glass micro bal-

loons.14–24 The ability of fillers and polymer alloys to improve

the flame retardant and mechanical properties has also been

tested. The IPN (interpenetration polymer network) of epoxies

and polyurethanes,14 glass fiber- or carbon fiber-reinforced

epoxy resins,15–17 and syntactic foams of epoxy resins20–22 have

also been studied. Simulations of epoxy foams have also

reported the heat transfer and heat degradation behaviors of

epoxy foams,23 as well as the compressive strength properties of

epoxy foams.24

Despite several studies of the applications of epoxy foams, few

studies have examined the control of the cell size and foaming

mechanism in epoxy resins. Takiguchi et al.25 investigated the

effect of the viscoelastic properties on epoxy foaming. Bisphenol

A type epoxy resin was used with 2-ethyl-4-methyl Imidazole as
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the cure agent, and azodicarbonamide (ADCA) was used as a

chemical blowing agent to prepare the epoxy foams. Dynamic

frequency sweep tests of precured epoxy resins were conducted

to determine the critical gelation time. They found that epoxy

foams with bimodal cell sizes could be obtained when the epoxy

resin was precured before foaming for a time period equivalent

to the critical gelation time. Conversely, foams with smaller cell

sizes and lower porosities were obtained when the pre-curing

time was longer than the critical gelation time. A longer precur-

ing time reduces the size of cells in the foam. A longer curing

time maximizes the modulus. However, the epoxy resins that

are completely cured cannot be foamed. Determining the opti-

mal curing time is important; it may be a function of the cross-

linking structure attributes, such as the gel fraction and

molecular weight between crosslinks (MC). These features are

unique properties for thermosetting resins. The relationships

between the crosslinking structure and the physical properties

are well defined by a number of parameters,26–31 such as

Young’s modulus,28,30 the fracture toughness,27 the relaxation

time,29 the glass transition temperature (Tg),29 etc. Increasing

the cure time dramatically changes the gel fractions and the

crosslinking density of epoxy resins. If cure time is controlled to

precisely change crosslinking structures, its effect on the cell

morphology can be elucidated through the foam’s physical

properties.

In this study, we investigated the effects of the viscoelastic prop-

erties, gel fraction, and MC of epoxy resins on the cell morphol-

ogies of epoxy resin foams prepared by a batch physical

foaming process. Using epoxy oligomers with different molecu-

lar weights, epoxy resins with different gel fractions and MC

were prepared by changing the cure time. MC was calculated

from the weight uptakes of acetone and the viscoelastic mea-

surement data. The effect of the complex modulus, gel fraction,

and MC on the cell morphologies was examined.

EXPERIMENTAL

Materials

Three epoxy oligomers (jER828, jER834, and jER1001) with dif-

ferent molecular weights were supplied by Mitsubishi Chemical,

Japan. 2-Ethyl-4-methyl imidazole (EMI24 from Mitsubishi

Chemical, Japan, melting point 5 47–54�C) was used as the cur-

ing agent. The chemical structures of the epoxy oligomers and

the cure agent are shown in Figure 1. Table I summarizes

molecular weights of the epoxy oligomers and average degree of

polymerization, which is the number of repeating unit in the

chemical structures of the epoxy oligomers. Carbon dioxide

(purity 5 99.9%, from Kyoto Teisan, Japan) was used as a physi-

cal blowing agent. All chemicals were used as received.

Sample Preparation

The epoxy oligomer and the cure agent were melt-blended by a

Planetary Centrifugal Mixer (Series AR-250, Thinky, Japan) at

room temperature for jER828 and jER834 and preheated at

130�C for jER1001. The blending conditions for the epoxy

oligomer and cure agent are summarized in Table II. The sam-

ples prepared from jER828, jER834, and jER1001 are respec-

tively called M370, M470, and M900. The uncured epoxy

mixtures were compression-molded by a Hot Press (NF-50,

Shinto Metal Industry, Japan) and a silicon rubber-made mold

with two disk-shaped cavities that were 25 mm in diameter and

0.5 mm in thickness. The processing temperature was main-

tained at 70 or 80�C, which was above the melting point of 2-

Ethyl-4-methyl imidazole, for 3–120 min. One of two pieces

was foamed, and the other sample was used to measure the gel

fraction and weight uptake of acetone. Precured epoxy resins

with different gel fractions were prepared by changing the com-

pression time (cure time).

CO2 Dissolution

Two pieces of the samples were placed in an autoclave after

measuring the initial weight (W1). The autoclave was then

heated to 35�C. When the temperature reached 35�C, the auto-

clave was pressurized with CO2 to 5 MPa. CO2 was dissolved in

the samples by maintaining the pressure and temperature for a

given time (24 h for M370 and 60 h for M900). After the given

sorption time, the autoclave was depressurized from 5 MPa to

the atmospheric pressure within 10 min. The samples were then

removed from the autoclave and weighed (W2). One of the

samples was foamed, and the other was used to measure the

Figure 1. Chemical structure of materials.

Table I. Properties of Three Epoxy Oligomers

jER828 jER834 jER900

Molecular weight 370 g mol21 470 g mol21 900 g mol21

Average degree of
polymerization, n

0.11 0.46 1.97

State of matter
(at room
temperature)

Liquid Liquid/solid Solid

Table II. Conditions of Epoxy Oligomer and Cure Agent Blending

Sample name M370 M470 M900

Epoxy oligmer jER828 jER834 jER900

Content of
2-ethyl-4-
methylimidazole

5 phr 5 phr 5 phr

Preheating
temperature

Room temp. Room temp. 130�C

Mixing time 2 min 2 min 2 min

Degassing time 2 min 2 min 2 min
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CO2 solubility, weight uptake of acetone, and gel fraction. The

details of this process are given in the section that describes the

characterization of pre-cured epoxy resins.

Physical Foaming

After saturation with CO2 in the aforementioned sorption pro-

cess, the pre-cured epoxy resin was heated and foamed by being

immersed in oil for 10 s at 90�C. The temperature and the

foaming (immersion) time were sensitive to foaming. Lower

temperatures and shorter foaming times resulted in insufficient

and inhomogeneous foams, i.e. partly foamed and partly non-

foamed materials, while higher temperatures and longer foam-

ing times yielded large cells but significantly smaller foam

samples. Therefore, the foaming time and temperature were

determined by trial and error to generate a well-established and

stable cellular structure after removal from the oil bath. To

remove the CO2 from the sample, the foamed sample was main-

tained at room temperature for 1 day. The sample was then

placed in an electronic oven for 4 h at 150�C, which is a stand-

ard cure temperature,32 to complete the curing process. The cell

structures of the foamed samples were analyzed by a scanning

electron microscopy (SEM5900LV, JEOL, Japan) after sputtering

with Au-Pd.

Characterization of Precured Epoxy Resins

The amount of CO2 dissolved in the pre-cured epoxy resin was

calculated using eq. (1):

CO2 concentrationð Þ5 W22W 1ð Þ=W13100 (1)

The non-foamed sample was soaked in acetone at 23�C for 1

week to measure its gel fraction. The weight of the samples, W3,

was measured after soaking. The sample was dried at 130�C,

and the weight of the sample, W4, was measured after the

weight was stabilized. The weight uptake of acetone was calcu-

lated using eq. (2)33:

Weight uptake of acetoneð Þ5W3=W 43100 (2)

The gel fraction of the pre-cured epoxy resin was calculated

using eq. (3):

Gel fractionð Þ 5 W 4=W 13100 (3)

Viscoelastic Measurement

Dynamic time sweep tests were conducted using a rheometer

(ARES, Rheometric Scientific, USA) to measure changes in the

complex modulus (G*) during the curing reaction at 70�C and

observe the curing behavior of the uncured epoxy mixtures. The

measurements were performed using an 8-mm parallel plate

geometry and 1 Hz frequency. The auto-strain option was used,

and the initial strain of 1% decreased automatically when the

torque reached a preset value. The tests were stopped when G*

reached a certain value, following measurements of the sample

weight (W1).

Dynamic temperature ramp tests were also conducted to mea-

sure the rubbery plateau modulus of completely cured epoxy

resin (G0
N). G0

N was the storage modulus in the plateau region at

temperatures above Tg. The temperature was swept from 35 to

200�C using an 8-mm parallel plate geometry at a frequency

of 1 Hz and a heating rate of 10�C min21 with a strain of

0.03%.

MC was calculated from the measured G0
N using eq. (4).34,35

MC �
3qRT

G0
N

(4)

where q is the density of epoxy resins, R is the gas constant,

and T is the temperature.

Figure 2. Relationship between the gel fraction and the CO2 concentration

of M370, M470, and M900 (sorption at CO2 5 MPa and temperature, 35�C).

Figure 3. Relationship between the gel fraction and G* for M370, M470, and

M900. (Frequency, 1 Hz; Temperature, 70�C; Geometry, 8 mm / parallel

plate).

Figure 4. Change in G0 and tan d for a temperature ramp viscoelastic

measurement. (Frequency, 1 Hz; heating rate, 10�C min21; geometry, 8

mm / parallel plate).
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In this study, the MC of completely cured epoxy resin was calcu-

lated using eq. (4) with q51.17 g cm23 and T 5 473.1 K.

RESULTS AND DISCUSSION

The Relationship Between the Gel Fraction and CO2

Concentration

Figure 2 shows the relationship between the CO2 concentration

and the gel fraction for M370, M470, and M900. The gel frac-

tion correlated positively with the cure time. The solubility of

CO2 was not changed by the gel fraction, but it was changed by

the chemical structure. The CO2 concentrations in M370 and

M470 were �7 wt %, while that in M900 was �5 wt %. As

illustrated in Table I and Figure 1, the degree of polymerization

and fraction of hydroxyl groups is higher in M900 than in the

other resins. The hydroxyl group is hydrophilic, while CO2 is a

hydrophobic molecule. The CO2 solubility was decreased when

the fraction of hydroxyl groups in the epoxy oligomer was

larger. Therefore, the CO2 solubility was expected to be lower in

M900 than in the other resins. The CO2 concentration was

almost independent of the gel fraction because the epoxy group

and ether group have a similar hydrophilicity. Therefore, the

formation of cross-links negligibly affects the CO2 solubility.

Characterization of the Gel Fraction and Complex Modulus

of Precured Epoxy Resins

Figure 3 shows the complex moduli, G*, of the pre-cured samples

(M370, M470, and M900) as a function of the gel fraction. In

general, G* correlates positively with the gel fraction for all

oligomers. Comparing the G* values of the three different

oligomer samples at the same gel fraction indicates that M900 had

the largest G*, followed by M470 and M370. The molecular weight

of the oligomer positively correlated with the complex modulus.

Characterization of Crosslinking Molecular Weight

of Precured Epoxy Resin

Figure 4 shows the storage modulus, G0, and the ratio of the

loss modulus to the storage modulus, tan d, of the completely

cured M370, M470, and M900. These materials showed gel frac-

tions of nearly 100%. The apparent glass transition temperature

(Tg), at which tan d is maximized, is clearly observed for each

sample. The molecular weight of the epoxy oligomers negatively

correlated with Tg and G0
N. G0 decreased from 109 Pa to

1062108 Pa when the temperature was increased above Tg.

The measured G0
N, MC, gel fractions, and weight uptakes of

acetone are summarized in Table III. The gel fractions of all

epoxy resins exceeded 97 wt %, which indicated that the curing

reaction was almost completed in all samples. The MC of the

completely cured epoxy resin positively correlated with the

molecular weight of the epoxy oligomer.

The effect of the gel fraction on the weight uptakes of acetone

is illustrated in Figure 5. The weight uptake of acetone posi-

tively correlated with the molecular weight of the epoxy

oligomer and negatively correlated with the gel fraction.

MC could be calculated from the weight uptake of acetone using

Flory–Rehner equation36,37:

MC �
qV0 v2

1
32 v2

2

� �

v2
2 1

2
2v

� � (5)

v25
q0

q01q W3

W4
21

� � (6)

where v2 is volume fraction of the epoxy resins in the swollen

samples, q is the density of the epoxy resins, V0 is the molar

Table III. Measured and Calculated Properties of Cured Epoxy Resins

Sample
Molecular weight of
epoxy oligomer (g mol21)

G0
N (Pa)

(at 200�C)
MC (g mol21)
(from G0

N)
Gel fraction
(wt %)

Weight uptake
of acetone (wt %)

M370 370 6.2 3 107 229 99.3 102.3

M470 470 1.4 3 107 949 100.0 110.5

M900 900 4.1 3 106 3028 97.1 124.4

Figure 5. Relationship between the gel fraction and the weight uptake of

acetone of M370, M470, and M900.

Figure 6. Relationship between the gel fraction and MC for M370, M470,

and M900.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4040740407 (4 of 8)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


volume of acetone, v is the interaction parameter between the

epoxy resin and acetone, and q0 is the density of acetone.

v in eq. (5) is an unknown parameter. Therefore, the MC and the

weight uptake of acetone of the completely cured epoxy resins

were used to determine v. Substituting q with 1.17 g cm23, V0

with 74.0 cm3 mol21, q0 with 0.78 g cm23, MC with 229 g mol21,

and the weight uptake of acetone with 102.3% in eqs. (5) and (6)

yields a value of 0.29 for v for M370. Similarly, the v of M470 was

calculated to be 0.43 and that of M900 was calculated to be 0.47.

Assuming that v is independent of the gel fraction, the MC of the

incompletely cured epoxy resin was then calculated using the

weight uptake of acetone at each gel fraction and eqs. (5) and (6).

The calculated MC values of M370, M470, and M900 are illus-

trated in Figure 6 as a function of the gel fraction. MC positively

correlated with the molecular weight of the epoxy oligomer and

negatively correlated with the gel fraction.

Effect of Crosslinking Properties on Cell Morphologies

Foaming experiments were conducted for the three epoxy

oligomers with different gel fractions. The cell morphologies of

the foamed samples are illustrated in Figure 7 and can be classi-

fied into the following four types:

1. Sphere-shaped structure: honeycomb-shaped closed cells that

are uniformly distributed

2. Star-shaped structure: star-shaped cells connecting the micro

bubbles and micro cracks

3. Cracked structure: scattered cracks that are longer than 100 mm

4. Non foamed structure: absence of cells

Table IV shows precuring conditions, gel fractions, foam den-

sities, and cell structures of all the foamed samples. When

the cell structure is sphere-shaped structure, cell diameter

(equivalent circle diameter) and cell density, which are ana-

lyzed from using the SEM micrographs, are also summarized

in Table IV. The foam density positively correlated with the

gel fraction for M370, M470, and M900 respectively, while

the same gel fraction did not lead to the same foam density

and cell structure among M370, M470, and M900. The gel

fraction negatively correlated with the cell diameter and posi-

tively correlated with the cell density for sphere-shaped

structures (1).

Figure 8 shows a map of the cell morphology in the G* and MC

domains (i.e., distance between crosslinking points, which is

discussed later). This figure clearly illustrates that the cell mor-

phology depends on MC. The morphology of structure (4) was

non-foamed when MC was <103 g mol21, while structure (3)

shows the cracked morphology that resulted when MC ranged

from 103 to several times 103 g mol21. A star-shaped structure

(2) was obtained when MC ranged from several 103 to 104 g

mol21. Sphere-shaped structures (1) were observed when MC

exceeded 104 g mol21. These experimental data indicate that the

bubble nucleation mechanism in epoxy resins is determined by

MC.

Figure 7. SEM micrographs of cell morphologies of foamed and fully cured epoxy resins.
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When MC exceeded 104 g mol21, the resultant large G* value

suppressed the bubble growth and reduced the cell size. There-

fore, a small cell structure was formed by increasing G* while

maintaining MC larger than 104 g mol21.

The distance between cross-linking points was approximately

calculated using MC and bond lengths to examine the relation-

ship between the size of a cross-linking network and the critical

bubble size for nucleation.38,39 The calculation was conducted

as illustrated in Figure 9: the chemical structure of bisphenol A

type epoxy resin was assumed to be that given in Figure 1,

where the CAC bond length is 1.54 Å, the CAC bond length

(benzene ring) is 1.39 Å, and the CAO bond length is 1.43 Å.

The length of the repeating unit in a bisphenol A type epoxy

resin was then calculated to be 20.22 nm. Because the molecular

weight of this repeating unit 284 g mol21, the distance between

the crosslinking points could be calculated by transforming MC

with the length and the molecular weight. The second vertical

axis of Figure 8 represents the distances between crosslinking

points transformed by MC. Increasing the distance between

Table IV. Morphological Characterization of the Foams

Sample
Compression
temperature (�C)

Compression
time (min)

Gel fraction
(wt %)

Foam density
(g cm23) Cell structure

Cell diameter Cell density

Average (lm) SD (lm) (1/mm2)

M900 70 15 47.0 0.21 Sphere-shaped 204.3 87.3 19

20 48.5 0.14 Sphere-shaped 276.4 92.0 11

25 53.1 0.16 Sphere-shaped 145.7 33.2 42

30 56.6 0.19 Sphere-shaped 247.5 73.3 13

50 75.8 0.85 Sphere-shaped 22.8 5.6 1244

60 74.6 0.33 Sphere-shaped 37.9 12.6 368

90 82.5 0.36 Sphere-shaped 30.1 9.8 808

80 3 61.5 0.65 Sphere-shaped 38.8 19.0 370

30 87.3 0.63 Sphere-shaped 19.3 6.0 1285

45 91.6 0.79 Sphere-shaped 21.4 5.6 824

60 92.5 0.82 Star-shaped – – –

120 100.0 0.91 Cracked – – –

M470 70 40 62.4 0.95 Star-shaped – – –

50 61.0 0.96 Star-shaped – – –

60 79.9 1.19 Cracked – – –

90 91.9 1.18 Non Foamed – – –

M370 70 40 51.9 1.20 Cracked – – –

50 55.4 1.19 Cracked – – –

60 77.8 1.21 Non foamed – – –

90 94.0 1.20 Non foamed – – –

105 100.0 1.19 Non foamed – – –

Figure 8. Effect of the gel fraction on the cell diameter and the cell den-

sity for the foams with sphere-shaped structure.

Figure 9. Cell morphologies obtained with different molecular weights of

the epoxy oligomer, MC, and complex modulus.
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crosslinking points changed the morphology from a non-

foamed structure (4) to a sphere-shaped structure (1). Examin-

ing the distance between crosslinking points on the cell mor-

phology map indicates that bubble nucleation could not occur,

and nonfoamed cell morphology (4) resulted when the distance

was <10 nm. A sphere-shaped structure (1) was formed when

the distance between crosslinking points ranged over 50 nm.

Following the classical nucleation theory, the critical bubble

diameter was calculated as follows40:

DC52RC5
4c

PD2PC

(7)

where DC is the critical bubble diameter, RC is the critical bubble

radius, c is the interfacial tension between a polymer and CO2, PD

is the pressure in bubbles, and PC is the atmospheric pressure.

No bubble nucleation were observed in the first stage, which

was pressure release using the scanning electron microscopy.

The cell nucleation could be observed in the 2nd stage, which

was subsequent immersion. Based on the observation of experi-

ments, the critical nucleus size is better to be calculated for the

2nd stage. DC was calculated to be 31.8 nm by substituting the

experimental values PD 55 MPa and PC 5 0.1 MPa into eq. (7)

and using c 5 39 mN m21 as the reference value of cured

bisphenol A type epoxy resins at 60�C.41 Thus, the range of dis-

tances between crosslinking points in which CO2-bubble nucle-

ation could occur exceeded the values of the critical bubble

diameter. The distance between crosslinking points on this map

indicated that the bubble nucleation mechanism in epoxy resins

requires a distance between crosslinking points that is longer

than the critical bubble diameter.

CONCLUSIONS

We investigated the effect of the crosslinking structure on the

physical foaming process of epoxy resins. Lower molecular

weights of the epoxy oligomer and longer cure times could

decrease MC. The cell morphologies of epoxy foams could be

clearly classified into four types: non-foamed structure, cracked

structure, star-shaped structure, and sphere-shaped structure. A

threshold MC value was determined for CO2-bubble nucleation.

CO2-bubble nucleation could be facilitated in epoxy resin when

the distance between crosslinking points exceeded the critical

size of the bubble nucleus. The complex modulus could control

the cell size, even when MC was sufficiently large to permit bub-

ble nucleation in the epoxy resin. This threshold MC value for

bubble nucleation might be extended to other polymers, where

the distance of entanglement points should be larger than the

critical bubble nuclei to foam the polymers.
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