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ABSTRACT: Thermosetting epoxy foams were synthesized
by replacing the commercial synthetic epoxy resin by a
biogenic epoxidized vegetable oil. Foam formulations were
developed avoiding the use of amine hardeners, organic
volatile compounds (OVCs), and ozone depleting or
flammable foaming gases. The produced biobased foams
were evaluated in terms of mechanical and thermal properties.
It was found that the glass transition temperature (Tg) is
somewhat lower than that corresponding to synthetic epoxy
foams, but mechanical properties are similar when comparing
foams of the same density. Moreover, the possibility of
obtaining foams in a wide range of densities (160—550 kg/m?)
makes these systems a sound alternative to commercial
available formulations.
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B INTRODUCTION

Thermosetting epoxy foams are lightweight materials exten-
sively used in many industrial areas, such as aircraft, automotive,
building, or electronics, owing to their low density combined
with a unique set of properties, such as high mechanic strength,
good thermal and chemical stability, excellent dielectric
properties, and adhesion to a variety of substrates."?
Unfortunately, most of the monomers available today to
prepare epoxy resins are derived from petroleum sources,
accounting for about 7% of worldwide oil and gas
consumption.® The rising cost of oil as well as the awareness
over limited fossil fuel reserves has renewed the interest in
renewable sources of polymer feedstock to substitute at least a
fraction of their petrochemical-sourced equivalent.** Although
the recent developments using biomass-derived materials have
achieved great progress, the small share (<5%) of renewable
polymers in the commercial market is largely due to their poor
cost/performance competitiveness in many market applica-
tions.® Facing this technical challenge, academic and industrial
laboratories are intensively working to find efficient ways to
transform such bio-feedstock into highly functional raw
materials.”®

Naturally occurring plant oils are a valuable and worldwide
accessible bioresource that can provide alternatives for the
chemical industry. However, vegetable oils must meet several
requirements in order to compete with synthetic monomers or
prepolymers; therefore their functionalization to tailor new
structures has been a matter of intensive study.”~'> Epoxidation
of double bonds to obtain epoxidized vegetable oils (EVOs)” is
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one of the main strategies to convert vegetable oils into
numerous valuable products, such as precursors in formulations
of thermosetting polymers.>~"

Reports on the application of EVOs in the synthesis of epoxy
foams are, nevertheless, scarce. Bonnaillie and Wool'® reported
the synthesis of thermosetting foams with acceptable
mechanical properties from acrylated epoxidized soybean oil
(AESO) using CO, dissolved at high pressure as a foaming
agent. Yadav et al." synthesized epoxy foams containing 12.5 to
25 wt % of biogenic component, and Dogan and Kiisefoglu*’
used malonic acid (MA) as a simultaneous foaming and cross-
linking agent for epoxidized soybean oil (ESO). However, in
both cases the mechanical properties were poor. More recently,
Lau et al*' developed foams from a partially biobased
commercial epoxy-amine system, showing excellent mechanical
properties. Among the aforementioned studies, only a few of
them'®?! were successful in producing foams with mechanical
properties comparable to those of commercially available
systems. Nonetheless, these methods lead to the production
of foams within a limited range of densities, without a
straightforward strategy to control the final density.

In a previous work, we demonstrated the feasibility of
synthesizing syntactic foams from epoxy copolymers with high
ESO content as a biogenic component, with comparable
compressive and flexural properties to those obtained from neat
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diglycidyl ether of bisphenol A (DGEBA).>* In the present
study, we report the preparation of thermosetting epoxy foams
using high contents of ESO (not less than S5 wt %) as a
biogenic component. Sodium bicarbonate was selected as a low
cost, nontoxic, and safe thermally latent foaming agent, and a
low toxicity carboxylic acid anhydride (methyltetrahydrophtalic
anhydride) was chosen as curing agent. The physical, dynamic
mechanical, and compressive properties were assessed, and the
effect of the foaming agent content on them was discussed. The
foams were compared in terms of their performance with a
synthetic epoxy foam and with other biobased foamed systems.

B EXPERIMENTAL SECTION

Materials. Epoxidized soybean oil (ESO; epoxy equivalent weight:
241 g/eq) was kindly supplied by Unipox SA (Buenos Aires,
Argentina). ESO was dehydrated under vacuum before use. Methyl
tetrahydrophtalic anhydride (MTHPA; anhydride equivalent weight:
166 g/eq), and 1-methyl imidazole (IMI) were purchased from
Huntsman (Buenos Aires, Argentina) and used as received. A mixture
of stearic and palmitic acid (67:33 wt %) was kindly provided by
Materia Oleochemicals (Mar del Plata, Argentina) and used as a
surfactant. Sodium bicarbonate (NaHCO;) was selected as an
innocuous thermally latent foaming agent (FA).

Preparation. ESO foams were prepared by the reaction of ESO
with the stoichiometric amount of MTHPA and 1MI as an initiator
following the protocol described in our previous works,'>**7** with
NaHCO; as a foaming agent at varying proportions. Briefly, 23.2 g of
ESO, 16 g of MTHPA, 0.48 g of 1MI, and 0.32 g of surfactant were
mixed together in an aluminum disposable cup (of about 4—6 cm in
diameter by about 6 cm height) to produce 40 g of reactive mixture.
Subsequently, the desired amount of FA (0.6 to 2.8 g, corresponding
to FA contents from 1.5 to 7 wt %, respectively) was added, and
manual mixing was carried out gently, preventing the occlusion of air
bubbles. The total biogenic content (wt % of ESO and surfactant) of
each foam is within the range of 582% to 55%, these values
corresponding to FA contents of 1% and 7%, respectively. Free
foaming was performed by heating the mixture at 140 °C in a
convection oven (Yamato DKN400; San Francisco, USA).

The temperature—time profile during the simultaneous foaming and
curing processes was measured every 15—20 s, using a thermocouple
immersed in the reaction mixture. Cream time (f,) was estimated at
the time at which the reactive mixture changed from a transparent or
translucent appearance to a pale yellow opaque one (due to the
presence of bubbles), and the foaming process started. The
approximate value of gelation time (fgp ) was measured by gently
pulling upon the thin wires of the thermocouple and quoting the time
at which the wire become entrapped in the gel.>® The conversion vs
time curves were predicted from experimental temé)erature—time
profile by using the Kamal—Sourour kinetic equation,* together with
the kinetic parameters obtained for the nonfoamed systems*” (a more
detailed explanation is available in the Supporting Information). Figure
1 shows thermosetting foams based on the ESO/MTHPA/IMI
polymeric matrix.

Methods. The apparent density (p*) was calculated by
determining experimentally the weight and volume of prism-shaped
foam samples (10 mm height X 20 mm X 20 mm square section).
Specimens were taken from the bottom, medium, and top regions of
the foams to report average apparent density values for each
formulation. Weight was registered with an Ohaus Adventurer
AR2140 analytical balance (New Jersey, USA) with a precision of
0.1 mg, and dimensions were measured with a Mitutoyo caliper
(Kawasaki, Japan) with a precision of 0.01 mm. Reported results were
the average of at least five measurements.

Porosity (¢) was calculated according to eq 1:

e=1-— (/)*/ps) (1)

where p* is the foam apparent density and p; is the polymeric matrix
density taken from our previous work (p; = 1115 kg/ m®).>
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Figure 1. Thermosetting foams based on ESO/MTHPA/IMI
polymeric matrix.

The morphology and internal structure of the produced foams was
investigated by scanning electron microscopy (SEM). A Jeol JSM-
6460LV (Tokyo, Japan) SEM was used at an accelerating voltage of 10
kV to obtain images of horizontal and vertical planes of the foams.
Samples were taken from the middle region, and before observation
surfaces were sputter-coated with a thin layer of gold to prevent
charging under the electron beam. SEM images were used to calculate
the average diameter (Dc) and average number by surface area unit
(n) of the foam cells with a representative sample population of about
S0 cells.

Compressive tests were conducted according to the ASTM D-1621
standard, at room temperature (22 °C) using an Instron 4467
universal testing machine (Buckinghamshire, England) and at a
crosshead speed of 1.3 mm/min. Square-section (20 X 20 mm?”)
specimens with a height of 10 mm, in both the growth direction and
transversal direction, were used. Compressive specimens were
extracted from the center of the foams, and regions close to the
external surface were discarded due to irregularities in the morphology
induced by the mold walls. Teflon sheets were placed between the
specimen and each plate during tests to minimize friction. The
compressive apparent modulus (E*) was determined from the initial
slope of the compressive stress—strain curve. The compressive
strength (o) defined as the plateau in stress subsequent to the initial
linear loading region was calculated at a strain of 10%. Reported results
were the average of at least three measurements.

Dynamic mechanical analysis was performed on rectangular-shaped
specimens (dimensions: 3 X 8 X 30 mm®) using an Anton Paar
Physica MCR 301 rheometer in torsion mode at a fixed frequency of 1
Hz, at an oscillation amplitude of 0.1%, and with a distance between
clamps of 21 mm. Storage shear modulus (G’) and damping factor
(tan &) were recorded as a function of the temperature, from —60 to
200 °C, at a heating rate of 2 °C/min. For comparison purposes, a
nonfoamed sample was tested under the same conditions. These tests
were run in duplicate.

One-way analysis of variance (ANOVA), together with the Tukey
test for pair comparison were employed to examine differences
between groups, with a significance of the difference set at (a) < 0.0S.

B RESULTS AND DISCUSSION

Curing and Foaming Process. Conditions to achieve
simultaneous curing and foaming were defined from previous
works'®*” and the analysis of the thermal decomposition of the
foaming agent. It is known that, upon heating, NaHCO;
decomposes endothermically producing carbon dioxide (g),
water (g), and sodium carbonate (s). Since decomposition of
NaHCO; and curing reactions must take place at the same time
to obtain rigid foams, it is necessary to establish a processing
temperature leading to a compromise between the kinetics of
both processes. According to the thermal decomposition
behavior of NaHCO; determined by thermogravimetric
analysis (TGA; see Supporting Information) and considering
the optimal curing temperature of the reactive mixture, an oven
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temperature of 140 °C was defined for the curing-foaming
process.

Figure 2 shows the evolution of the temperature at the bulk
of the sample as a function of the time for two reactive mixtures
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Figure 2. Temperature and conversion vs time profiles for two
foaming systems, containing 1.5 (blue) and S wt % FA (red).

with different FA content, 1.5 and 5%. As expected,
experimental cream and gel times (18 and 21 min, respectively)
barely varied with FA content. Both samples attained the
maximum temperature at about 27 min, but the formulation
with the highest FA content exhibited the lowest temperature
peak because a fraction of the heat released by the curing
reaction was consumed by the thermal decomposition of
NaHCO;. According to the time—conversion curves, both
formulations attained gelation at 50% conversion at similar
gelation times. The completion of the reaction (100%
conversion at 30 min) defined the processing window at the
studied temperature.

Density and Morphology. Table 1 summarizes the
apparent density (p*), cell diameter (Dc), number of cells by

Table 1. Apparent Density (p*), Cell Diameter (Dc), Cells
by Surface Area (n), and Porosity (e) for Different FA
Contents”

FA % p*, kg/m® 2

D¢, ym n, mm- e
1 501 + 49 a 680 + 157 a 1.302 0.548
1.5 482 + 4S5 a 490 + 109 b 2.148 0.560
2.5 380 + 70 b 483 +90 b 2.604 0.644
3.5 291 + 64 ¢ 572 +90 b 2.930 0.732
S 202 +41d 518 + 126 b 3.158 0.812
7 193 +35d 534 + 152 b 3.353 0.826

“Same letters in each individual column indicate that means difference
is not significant in comparison by pairs (Tukey test with significance
level @ = 0.05).

surface area (1), and porosity () for the different formulations.
All samples showed a slight variation of the local apparent
density with the position as revealed by the dispersion of data.
This behavior is usually found in polymeric foams, and it is due
to different processes occurring simultaneously. In the first
place, mold walls induce distinct bubble nucleation and growing
processes in the parts of the foam growing close to them,
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leading to different morphologies compared with those that can
be found in the central region."*® Furthermore, drainage
produced before gelation due to hydrostatic pressure gradient
accounts for the apparent density increment from the top to the
bottom of the foam."***’

No significant differences in average cell diameters were
detected with increasing FA content, except for foams with 1%
FA, which had slightly larger cells. Since cell concentration
increases with FA content, it can be inferred that the higher
amount of neighboring cells for FA > 1% leads to smaller cells
compared with foams with 1% FA. The increasing cell
concentration also accounts for the higher porosity (ie.,
density decrease) as FA% increases, as revealed by the
monotonous increment in both n and e values (Table 1).

Average apparent density values dropped from 500 to around
200 kg/m? when FA content was increased from 1% to 5% and
remained nearly constant for higher FA contents. This density
range is in line with those found for epoxy foams based on
commercial synthetic systems*>>° but is somewhat broader
than Egozsle reported for other partially biobased epoxy
foams.

The cellular structure of ESO foams was studied by SEM,
and some representative images taken from horizontal and
vertical planes are shown in Figures 3 and 4, respectively. A

Figure 3. Horizontal plane SEM micrographs of foams with (a) 1%
FA; (b) 1.5% FA; (c) 2.5% FA; (d) 3.5% FA; (e) 5% FA; (f) 7% FA.

Figure 4. Vertical plane SEM micrographs of foams with (a) 1% FA;
(b) 1.5% EA; (c) 2.5% FA; (d) 3.5% FA; (e) 5% FA; (f) 7% FA.
Growth direction is vertical.

mixture of open and closed cells was evident in all foams
regardless of either the FA content or the apparent density. In
all cases, foam cells were uniformly distributed and the open-
cells proportion seemed to increase at high FA contents. When
the vertical plane was analyzed, deformed cells were noticed in
the foam growth direction. This effect is usually observed when
foam grows freely in one preferential direction, but it is
constrained in the others by the mold in which the foaming
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process takes place.*”**> When these restrictions are present,
anisotropic stresses are generated in the whole volume and cells
tend to grow preferentially in one direction, giving place to
nonspherical bubbles.*” Indeed, a slight deviation from the
vertical direction was evidenced in some of the images of Figure
4, which was ascribed to the shape of the aluminum mold.
Mechanical Properties. Figure S shows some representa-
tive compressive stress (o)-strain (&) curves obtained in the
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Figure S. Compressive stress—strain curves obtained for foams with
different densities.

foam growth direction, representing the typical behavior of
thermosetting foams (compressive tests in the transversal
direction with respect to the foam growth showed a similar
shape; see Supporting Information). For ¢ values between 0.04
and 0.06, the foam exhibited the linear-elastic deformation
(inset in Figure S). After reaching the elastic limit, the collapse
of the cells begins and the curves exhibited a sustained plateau
followed by an increment with &, due to the foam densification.

The value of strain at which densification starts (ep) is an
important parameter, especially for foams used in shock
absorption applications. Gibson and Ashby® gave a simple
formula to estimate the &, for polymeric foams with relative
densities between 0.2 and 0.4 (eq S3; Supporting Information).
According to this, e, decreases with density, which seems to be
in agreement with Figure S.

However, Tan et al.** proposed a different approach based
on the energy absorption efficiency, which led to different
results, by giving similar ep, values for all foams regardless of the
density. In view of the analysis and comparison of both
methods (see Supporting Information for further details), the
results obtained by the last method gave a better representation
of the foams’ behavior, and therefore it can be stated that ¢
values for all of these foams are close to 0.5.

The pictures shown in Figure 6 provide a more detailed
insight of the foams’ behavior during compressive tests. A
number of oblique lines were painted on one side of the
specimen before testing, and from the deformation paths of
those lines, some features of the compressive test can be
inferred. The first images (a—g; € & 0—0.17) showed a uniform
deformation, with the lines maintaining essentially its shape and
changing only its width and the angle with respect to the
horizontal direction. In image h (& ~ 0.19), a break in the lower
part of the lines can be observed, indicating the collapse of a
cell layer. Subsequently, several breaks were clearly evident, as a
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Figure 6. Sequence of pictures of a test sample (p = 385 kg/m®)
during a uniaxial compressive test.

result of the progressive collapse of cell layers at different
heights. Finally (u—y; ¢ & 0.5—0.7), nearly straight lines were
formed again when densification starts and compressive strain
becomes uniform throughout the specimen height.

Compressive performance of rigid foams depends on their
density, which is in turn related with the foaming agent content
in each formulation. The compressive strength and compressive
modulus of foams in the foam growth and in the transversal
directions are summarized in Table 2. Compressive modulus
and compressive strength decrease with increasing content of
the blowing agent, which is consistent with the reduction in the
apparent density. Compressive properties evaluated in the
growth and transversal directions did not differ significantly for
each formulation. It is clear from this that the slight anisotropy
observed in the morphological study did not influence the
compressive mechanical parameters.

It is noteworthy that, for similar densities, compressive
strength is around 40% lower than those of partially biobased
epoxy-amine foams,”' but it is about 1.5 times higher than
those regported for synthetic epoxy foams™ and for AESO based
foams,'® and 1—3 orders of magnitude higher when compared
to other nonreinforced biobased foams.'*>%*>3¢

Dynamic-Mechanic Thermal Analysis. Figure 7 shows
the temperature dependence of the storage modulus and the
damping factor of ESO-based foams. Foams with densities of
190 and 380 kg/m® (corresponding to 7% and 2% FA contents,
respectively), and the nonfoamed ESO/MTHPA/1MI counter-
part were analyzed. G’ curves showed the typical shape of
thermosetting polymers, with a high glassy modulus, and a
sharp decrease in the glass transition region followed by a
rubbery plateau characterized by an increase of G’ with
temperature, indicating the presence of permanent cross-linking
points. It can be noted that G’ decreased with density as
expected according to the results shown in the Mechanical
Properties section.

Besides the decrease of G’ for the foams, the main difference
between the three samples is the wider transition region
registered for the solid nonfoamed formulation that could be
also evidenced in the tan & curves. Interestingly, the
temperature at which G’ dropped slightly varied with the
addition of the FA and surfactant. The ESO/MTHPA/IMI
matrix showed a tan 6 peak temperature about S °C higher than
that of the foams (70 = 1 °C and 65 + 1 °C, respectively).
There are two plausible explanations for this finding. On one
hand, the fatty acids used as a surfactant could act as a
plasticizer, increasing the chain’s mobility and reducing the tan
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Table 2. Compressive Modulus (E*) and Compressive Strength (6,) in the Growth and Transversal Direction for the Different

Foams”
growth direction transversal direction
FA % E*, MPa o, MPa E*, MPa o, MPa
1 168.0 + 49.5 a 817 +240 a 1552 + 388 a 7.90 £ 1.50 a
1.5 142.3 + 39.4 ab 6.82 + 237 a 124.6 +27.6 a 6.55 £ 1.00 a
2.5 99.7 + 42.2 bc 4.60 + 1.87 b 873 +205b 426 + 124 Db
3.5 61.6 + 283 cd 2.83 + 1.38 b,c 520 £ 132 ¢ 2.50 £ 0.89 ¢
N 33.0+19.1d 1.53 + 0.64 ¢ 284 +£5.63d 1.04 £ 023d
7 277 £ 156 d 121 £ 043 ¢ 233+56d 1.05 +£02d
“Same letters in each individual column indicate that means difference is not significant in comparison by pairs (Tukey test with significance level a
= 0.05).
1E9 5 Unfoamed polymer valuable alternative to be used in similar applications to the
Foam 380 ke/m’ commercial epoxy foams.
1E8 4 i — Foam 190 kg/m’
N B ASSOCIATED CONTENT
B4 © Supporting Information
\ Analysis of the thermal decomposition of the foaming agent.
£ el - v\ Kamal-Sourour kinetic equation and the ESO-MTHPA-1MI
o A — corresponding parameters. Compressive tests in the transversal
\ 1038 direction. Compressive modulus (E*) and compressive
1E5 4 AT e strength (o.) in the growth and transversal direction as a
/ Y function of apparent density (p*). Evaluation of the strain at
10000 o - {04 B which densification starts (ep). The Supporting Information is
/. R loa = available free of charge on the ACS Publications website at
=T * \N_':"f’:"i"f'_"_“"""""” DOI: 10.1021/acssuschemeng.Sb00114.
1000 EF==pe s Tememsemonen=d00
50 25 0 25 50 . 7é 100 125 150 175 200 B AUTHOR INFORMATION

Figure 7. Storage modulus (G’) and damping factor (tan §) variation
with temperature.

0 peak temperature. It can also be possible that water released
by the thermal decomposition of the FA interferes with the
chain polymerization reaction, lowering the cross-linking
density. However, for many practical applications of these
materials, this difference can be considered as not significant,
and the tan 0 peak values are not far from those found by

Stefani et al. for commercial synthetic epoxy foams (up to 85
°C).>®

B CONCLUSIONS

Epoxy foams with a high biobased content were successfully
synthesized and characterized. According to the results
displayed in this paper, epoxidized vegetables oils constitute a
suitable replacement for traditional epoxy resins based on fossil
resources for the preparation of rigid polymeric foams. It was
demonstrated, as well, that the use of highly toxic materials
such as amines can be substantially reduced, and that epoxy
foams can be produced using an innocuous (no ozone
depleting, flammable, or toxic) foaming gas. The mechanical
properties exhibited by these foams are the most relevant aspect
of those described in the manuscript, being comparable with
those exhibited by their fully synthetic counterpart. When
compared with other partially biobased foams, it can be stated
that the best compromise between mechanical properties, ease
for preparation, and range of densities was achieved. Moreover,
the potential of further broadening the density range by the
application of processing techniques that are still under study
should be mentioned. From the results obtained, we can ensure
that these EVO based thermosetting foams constitute a
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