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Abstract: Process temperature greatly affects the decomposition behavior of a blowing agent,
and changes the structure of the porous epoxy. This paper investigates the effect of processing
temperature on the decomposition rate and volume of decomposing gases from ammonium
bicarbonate as well as the properties of porous epoxy micro-bead through a single epoxy droplet. A
single epoxy droplet (epoxy-polyamide-ammonium bicarbonate) was dropped into the corn oil
heated at the temperatures of 80°C, 90°C and 100°C. This study found that by controlling the
processing temperature, an epoxy foam bulk (80°C) or a number of porous epoxy micro-beads were
fabricated (90°C and 100°C). Higher total volume of gas was generated which was 1142.86 cm®/g at
100°C, with lower viscosity of epoxy. Therefore, the initial epoxy droplet of 10:6 ratio burst into
smaller micro-beads with dominant sizes in the range of 251-500 um and porosity of 30%. From the
perspective of epoxy polyamide ratios, the 10:10 ratio has porous epoxy micro-beads slightly larger
than that of 10:6 ratio. This induced a decrease in porosity and an increase in specific gravity of

micro-beads of 10:10 ratio.

Keywords: blowing agent, decomposition rate, emulsion, particle size, stoichiometric

1. Introduction

Porous micro-bead is considered to be a useful
invention that has gained the attention of researchers
recently. Due to the presence of pores in the structure,
porous micro-bead offers large surface area v, light-
weight 2, excellent thermal properties ® and enhanced
absorption behavior 4. As a result, porous micro-bead has
been widely used in many applications including
electronics ¥, biomedical ©, cosmetics , and automotive
8, The development of porous micro-bead is continuously
improved to meet the desired applications.

Previously, different fabrication methods have been
used to produce porous micro-bead such as suspension 9,
precipitation '@ and emulsification methods V. Among
these methods, the emulsion method is the most suitable
technique to obtain high porosity and to control the bead-
size. Emulsion is a system consisting of two or more
immiscible liquid phases, wherein one liquid is dispersed

in the other liquid phase . Nayan et al. ' reported that
the emulsion method is a simple and economic method to
produce micro-bead. In the study, they added porofor
toluenesulfonylhydrazide 75 (Porofor TSH) as a blowing
agent in the epoxy droplet. In addition, Leemsuthep et al.
13) also used sodium bicarbonate as a blowing agent to
fabricate porous micro-bead through emulsion method.
These two types of blowing agents require higher
temperatures to decompose.

Blowing agents introduce a cellular structure to the
polymer matrix through the foaming process . Thermal
blowing agents decompose and produce gases after
receiving sufficient heat ). The gases generate pressure
in the polymer matrix and initiate expansion. Each
blowing agent has a specific range of decomposition
temperature . Thus, it is important to investigate the
optimum temperature of the blowing agent, which helps
to obtain high porous micro-bead. The decomposition rate
of the blowing agent plays the key role in this case.
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In this paper, ammonium bicarbonate (AB) was used
due to its low thermal decomposition temperature and low
cost. Furthermore, due to its nontoxicity, AB is regarded
as a more environmentally friendly blowing agent that can
be used in the food " and pharmaceutical industries 8.
The AB was added into the single epoxy-polyamide
droplet and dropped in the corn oil heated at different
temperatures. It was then decomposed at different rates
which significantly affected the size of porous epoxy
micro-bead from the single droplet. The investigation
using single droplet clearly demonstrated the effect of AB
which allowed the epoxy droplet expansion at 360° in the
oil without limitation in the use of a mould.

2. Experimental

2.1 Materials

Epoxy resin DER 331 and polyamide A062 were
purchased from Euro Chemo Pharma Sdn Bhd, Malaysia.
Epoxy resin DER 331 has density and viscosity of 1.16
g/cm® and 11-14 Pas, respectively, at 25°C. It has epoxide
equivalent weight of 182-192. Polyamide A062 has
equivalent weight per H active of 110. The density and
viscosity of polyamide A062 at 25 °C were 0.96 g/cm® and
35-45 Pas, respectively. AB provided from HmbG
Chemicals Malaysia was white crystalline powder used as
the blowing agent and has density of 1.58 g/cm®. Corn oil
was purchased from Yee Lee Corporation Sdn. Bhd,
Malaysia and has a viscosity of 50 Poise at 25°C.

2.2 Preparation of Porous Epoxy Micro-bead (PEMB)

Two different epoxy:polyamide ratios of 10:6 (a
stoichiometry ratio) and 10:10 (excess polyamide) were
used. Initially, epoxy and 5 phr AB were mixed using an
over-head stirrer with a speed of 300 rpm for 3 minutes
(phr = part per hundred resin + hardener). Polyamide was
added sequentially and mixed at the speed of 300 rpm for
another 3 min. Next, 0.1 ml of epoxy mixture single
droplet was dropped into 100 ml heated corn oil as the
emulsion medium in a measurement cylinder by using a 5
ml/cc plastic syringe with 2 mm nozzle size. The corn oil
was heated at different temperatures of 80°C, 90°C and
100°C. The epoxy droplet was kept in the heated corn oil
for 1 hour for foaming and curing processes. The porous
epoxy micro-bead was collected and washed using
detergent water ratio of 1:20 at 60°C. Then, the micro-
bead was dried at 80°C for 4 hours in a conventional oven.

2.3 Testing and characterization

To measure the decomposition rate and total volume of
gas by AB, 2.4 mg of AB was placed into the test tube,
which was partially immersed in the heated corn oil as
shown in Schematic 1. The corn oil was heated at different
temperatures (80°C, 90°C and 100°C). The gas released
through the hollow glass rod into the corn oil in the
measuring cylinder was recorded. Five process cycles

were repeated. The decomposition rate and total volume
of gases generated by AB were measured by Eg. 1 and Eqg.
2.

volume of water displacement (1)

decomposition rate = -
time

volume of water displacement

total volume of gas = - -
mass of ammonium bicarbonate

()

Measuring cylinder

Corn oil

Schematic 1: Schematic diagram of the measurement of gas
volume decomposed from AB

Rheological behavior of the epoxy mixture was
conducted by Anton Paar Physica MCR 301 rotational
rheometer equipped with a 25 mm parallel plate and an
aluminium tray with inner diameter of 55 mm. The
measured gap between the parallel plate and the
aluminium tray was 1 mm. The parallel plate was rotated
at 5% strain. The test was conducted at Department of
Polymer Engineering, University of Bayreuth.

The microstructure of porous epoxy micro-bead was
observed and analysed wusing scanning electron
microscopy (SEM) (model JEOL JSM 6460 LA). The
samples were coated with platinum by a sputter coating
instrument (Bio-Rad Polaran Division) to avoid
electrostatic charging during observation.

Dino-lite Digital Microscope model AM5216ZT Edge
Series (Perlis, Malaysia), equipped with a low-resolution
digital camera using Dino Capture 2.0 software was used
to capture the image of the particles. This image was
then analyzed using ImageJ software to measure the
average particle size.

Porosity of porous epoxy micro-bead was determined
using simple method as described in Eq. 3.

Bead Specific Gravity

Porosity =1-— x 100

Solid Specific Gravity

®)

Specific gravity of porous epoxy micro-bead was
determined according to ASTM D854-14

usingpycnometer bottle to calculate the specific gravity of
the sample using water displacement method. The specific
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gravity (SG) of porous epoxy micro-bead was calculated
by weight according to Eq. 4.

We-W1

6 = G —wo-anwy )
where, SG is specific gravity, W1 is mass of pycnometer
bottle in g, W, is mass of pycnometer bottle filled with
sample in g, W3 is mass of pycnometer bottle filled with
sample and water in g, and W4 is mass of pycnometer
bottle filled with water in g. Five cycles of process were
repeated.

3. Results and discussion

3.1 Decomposition rate and total volume of gas
generated

Fig. 1 demonstrates the decomposition rate of AB for
completing its exothermic decomposition reaction and
total volume of gas generated by AB at different process
temperatures. As expected, the decomposition rate of AB
increased significantly from 1.19x10%cm3s! at 80°C to
5.00x10%cm3* at 100°C. Higher temperature provides
more Kinetic energy to activate the reaction rate of AB 19,
This situation is similar to that of Orr et al. which verified
that temperature is one of the parameters influencing the
chemical reaction by shifting the relative speed of the
reaction 29,

6.00 - 1600
- ---- Decomposition rate

——=— Volume gas generated 3 - 1400

- 1200
4.00 -
00 - 1000
- 800
200 | - 600
- 400

- 200

Decomposition Rate (10-3cm?3s?)

Total Volume of Gas (cm3/g)

0.00

T T T
T80 T90 T100
Temperature (°C)

Fig. 1: Decomposition rate of AB and total volume of gas
generated at different process temperatures

Furthermore, the total volume of gas generated after
completing the decomposition reaction increased from
380.95 cm®/g to 1142.86 cm®/g at the same amount of
blowing agent used. Theoretically, the same amount of AB
would produce the same mole of gases; however, the
higher temperature, the greater the volume of gas
decomposed. These results definitely will affect the
foaming process of a single epoxy droplet.

3.2 Rheological behavior

The rheological behaviors of epoxy-polyamide-AB and
epoxy-polyamide at 100°C for 10:6 and 10:10 ratios are
depicted in Fig. 2(a) and Fig. 2(b), respectively. The
results indicated a clear foaming stage after gel points at
10:6 5AB and 10:10 5AB. The presence of AB
accelerated the gel time. In detail, the gel time was 3.4 min
for 10:6_5AB and 7.0 min for 10:6_0AB, while the gel
time was 3.9 min for 10:10 5AB and 7.0 min for
10:10_OAB. In addition, the gel viscosity of 10:6_0AB
was 606.1 Pas and 10:10_ OAB was 1070.0 Pas. It was
interesting to find that AB also induced the gel viscosities
of 10:6_5AB (8.22 Pas) and 10:10_5AB (8.29 Pas) to be
almost similar. During foaming, the storage modulus of
10:6_5AB was plateau and its loss modulus decreased but
the storage modulus of 10:10_5AB slightly increased and
its loss modulus was plateau. This may be due to the
presence of more primary amines 2% in 10:10 ratio to react
with epoxy and thus increased the storage modulus during
foaming for 10:10 5AB and also resulted in higher gel
viscosity for 10:10_0AB.

|—— Storage M 10:6_5AB - - Loss M 10:6_5AB —— Storage M 10:6_OAB - - - - Loss M 10:6_UAB

10°

Modulus, Pa

Fig. 2(a): Rhelogies of 10:6_5AB and 10:6_0AB at 100°C

|- Storage M 10:10_8AB - — Loss M 10.10_5AB

Storage M 10:10_0AB - -~ Loss M 10:10_0AB

Modulus, Pa

2 3 4 & 8 7 3 9 10 " 12
Time, min
Fig. 2(b): Rhelogies of 10:10_5AB and 10:10_0AB at
100°C
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3.3 Morphology analysis

The single droplet without AB remained as one particle
after curing with size of 8.86 mm for 10:6 ratio and 8.37
mm size for 10:10 ratio. The droplets with AB are shown
in Fig. 3. At 80°C, the single droplet of 10:6 ratio formed
one foam bulk of 9.66 mm size, while the 10:10 ratio
formed one foam bulk of 11.62 mm size as a result of a
common foaming process. At 90°C, many macro-beads
were formed for both epoxy formulas, while more micro-
beads were obtained at 100°C. The micro-beads of 10:6
ratio could be smaller than that of 10:10 ratio. These
results are supported by higher decomposing rate and
greater gas volume at higher process temperatures.
Furthermore, the viscosity of the epoxy could reduce with
higher process temperature (100°C) so that the single
droplet could burst into many small droplets.
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Fig. 3: Different morphologies of porous epoxy micro-beads
from single droplet of epoxy-polyamide-AB

The microstructures of porous epoxy micro-beads were
observed using SEM. As revealed in Fig. 4(a) and Fig.
4(b), 10:6_T80 and 10:10_T80 exhibited porous bulk
consisting of spherical and irregular particles. At 80°C, the
decomposition rate of AB was the lowest, and the gas
volume was also the smallest. Thus, epoxy droplets could
expand to form a large piece of porous epoxy.

At 90°C, there were bulk and many porous epoxy
macro-beads, which were more spherical and had
significant pores on their surfaces (Fig. 4(c) and 4(d)). It
appeared that the decomposing gases started to burst the
epoxy at the beginning when the epoxy droplets were not
yet gel-like. Particularly at 100°C, these micro-beads were
smaller and have more pores as shown in Fig. 4(e) and Fig.
4(f). The results indicated that by controlling the process

temperature, it was able to produce various porous epoxy
micro-beads or bulk foams.

It was also found that the epoxy:polyamide ratio of
10:10 offered larger particle size compared to 10:6. The
rheology of 10:6_5AB showed a plateau storage modulus
and a decrease in loss modulus during foaming. This was
evidenced for 10:6_5AB having a number of micro-beads.
Excess polyamide ratio of 10:10 could result in more
primary amines and epoxy reactions to increase the
viscosity and modulus as shown in Fig. 2(b) (as clarified
by Fauzi et al. 2. Therefore, the 10:10 ratio produced
more and larger macro-beads.

-

ﬁé?)en pore
£~

-

Fig. 4: SEM images of porous epoxy micro-beads for (a)
10:6_T80 (b) 10:10_T80 (c)10:6_ T90 (d) 10:10_T90
(€)10:6_T100 and (f)10:10_T100

3.4 Particle Size

The effect of process temperature at 90°C and 100°C on
the particle size was visible for both 10:6 and 10:10 ratios.
As seen in Fig. 5(a), the number of micro-beads with sizes
below 250 um produced by 10:6_T90 was significantly
lower than that of 10:6_T100. It was found that the micro-
bead sizes in the range of 251 — 500 um were predominant
in both 10:6_T90 and 10:6_T100. Moreover, 10:6_T90
has more micro-beads in the size range of 501 — 750 um
compared to the size range of 0 — 250 pm. In contrast,
10:6_T100 has a fairly low number of micro-beads sized
between 501 — 750 pm. Furthermore, 10:6_T90 also has
bulk micro-beads sizing 7.0 mm, while 10:6_T90 has the
largest micro-beads of 1250 um or 1.25 mm. This could
be due to the vigorous decomposition of AB occurred at a
temperature of 100°C producing a mixture of ammonia
gas, carbon gas and vapour in the epoxy droplet. In
addition, the viscosity of the epoxy droplet was also lower
at 100°C compared to 90°C 23. Therefore, 10:6_T100
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obtained more smaller
10:6_T90.

Similar trend also occured to the epoxy-polyamide of
10:10 ratio. As observed in Fig. 5(b), 10:10 _T90 has
larger micro-beads compared to 10:10_T100. Although
10:10_T90 exhibited absence of micro-bead sizes below
250 pm, the sizes ranging between 250 — 500 pm were
dominant. 10:10_T90 also has micro-beads in the range of
750 — 1000 pm, and bulk in 8.0 mm size. For 10:10_T100,
the dominant micro-bead size range was 250 — 500 pum
whose frequency was twice than that of the frequency for
the size ranges of 0 — 250 pm and 501 =750 um.

micro-beads compared to
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Fig. 5: Particle size distribution of porous micro-beads at 90°C

and 100°C obtained from single droplet of epoxy-polyamide-
AB at (a) 10:6 ratio and (b) 10:10 ratio

The particle size of the micro-beads for 10:10 ratio was
larger than the 10:6 ratio. In detail, 10:6_T90 has micro-
bead size below 250 pm but 10:10_T90 has none. The
dominant sizes of micro-beads were in the range of 251 —
500 pm for 10:6_T90 and 501 — 750 um for 10:10_T90.
When the process was carried out at 100°C, both
10:6_T100 and 10:10_T100 have similar size distribution
and dominant size range of 251 — 500 pum. The main
difference was that the frequency for 0 — 250 pum size
range for 10:6-T100 was twice than that of 10:100-T100
as shown in Fig. 5(a) and Fig. 5(b).

3.5 Porosity and specific gravity

Fig. 6 shows the relationship between porosity and
process temperature with epoxy polyamide ratio. It was
indicated that high process temperature produced high
porosity of porous epoxy micro-bead. High process
temperature resulted in vigorous liberation of gas (Fig. 1).
This is in agreement with Antonio et al. 2 where high
quantity of gas decomposed from AB could increase the
number of pore cells in the polymer. This is also
emphasized by Najib et al. %), For this reason, the porous
epoxy micro-bead has higher porosity.

The difference in epoxy polyamide ratio affected the
porosity, where 10:6 ratio exhibited higher porosity
compared to 10:10 ratio. More polyamide led to higher
initial viscosity and higher modulus during foaming but
fewer expansion. Therefore, 10:10 ratio has lower
porosity compared to 10:6 ratio at the same process
temperature.
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Fig. 6: Porosity of porous epoxy micro-bead for different
process temperatures and epoxy polyamide ratios

Fig. 7 shows the specific gravity of porous epoxy
micro-bead at different process temperatures and epoxy
polyamide ratios. The specific gravity of porous epoxy
micro-bead decreased with increasing process
temperature which can be explained by the microstructure
and particle size of porous epoxy micro-bead as depicted
in Fig. 4. In addition, higher process temperatures
promoted higher porosity and this was supported by Fig.
6.

As stated by Antonini et al. ?® and Baskoro et al. 27,
high porosity offers low specific gravity due to the
structure of polymer. This supported the results obtained
in this study where the epoxy:polyamide ratio of 10:6 with
high porosity has low specific gravity and vice versa for
10:10 ratio.
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Fig. 7: Specific gravity of porous epoxy micro-bead for
different process temperatures and epoxy polyamide ratios

4. Conclusion

The role of blowing agent is essential in the production
of epoxy porous micro-beads. The most important factor
is the process temperature, which controls the
decomposition rate and gas volume of the blowing agent.
These features were significantly observed when the
single droplet of epoxy-polyamide was used. Ammonium
bicarbonate was found to form bulk epoxy foam at 80°C.
The optimum process temperature was 100°C, which
produced porous epoxy micro-beads below 500 um with
the porosity of up to 30%. The epoxy:polyamide
stoichiometric ratio of 10:6 exhibited smaller particle size
and higher porosity with lower specific gravity than the
excess polyamide ratio of 10:10. This study could be
applied in the production of porous epoxy micro-beads as
well as the functional epoxy micro-beads such as
conductive or toughening functionality.
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