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Abstract 

Macroporous polymers were prepared by mechanically frothing a bio-based epoxy resin and 

hardener mixture to first create air-in-resin liquid foam, followed by curing of the liquid foam. 

It was found that heating the air-in-resin liquid foam prior to its gelation decreased the 

viscosity of the resin mixture and increased the pressure of the air bubbles, leading to an 

isotropic expansion of the air bubbles. This resulted in an increase in porosity of the resulting 

macroporous polymers from 71% to 85%. Correspondingly, the compressive modulus (𝐸) 

and strength (𝜎 ) of the macroporous polymers decreased from 231 MPa and 5.9 MPa, 

respectively, to 58 MPs and 1.9 MPa, respectively. This decrease is attributed to an increase 

in porosity and pore throat frequency of the foam-templated macroporous polymers when 

heat was applied to the liquid foams. The deformation of the pores based on in situ SEM 

micro-compression test of the fabricated macroporous polymers is also discussed. 
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1.0 Introduction 

Polymer foams or macroporous polymers are lightweight materials of great 

commercial importance, with an estimated global market value of US$172 billion by 2021 [1]. 

They are often used in industries where weight saving is critical, such as the construction [2], 
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packaging [3] and the automotive industries [4]. The most commonly used polymer foams are 

made from polyurethane, polystyrene or poly(vinyl chloride). They represent ~90 % of the 

market share for polymeric foams in 2015 [5]. However, heavy environmental legislations 

and public’s growing demand for greener materials have sparked the development of 

environmental friendlier materials. Therefore, extensive research efforts have been poured 

into the development of bio-based or bio-derived polymer foams. Polymer foams derived 

from starch [6-8], poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [9, 10], polylactide [11-13], 

polycaprolactone [14], bio-derived polyurethane [15, 16] and bio-based epoxy resins [17, 18] 

have been produced and studied. Among these, bio-based epoxy foams have attracted 

significant attention due to their good thermal stability compared to other bio-based 

thermoplastics [19], high chemical and moisture resistance [20], as well as high specific 

mechanical properties [21].  

Numerous methods can be used to produce (bio-based and non bio-based) epoxy 

foams. Syntactic epoxy foams can be produced by dispersing hollow microspheres, typically 

made from glass [22] or phenolics [23], into the liquid epoxy resin, followed by curing of this 

resin. The porosity of syntactic foams is controlled by the concentration of hollow 

microspheres in the resin. While it is desirable to increase the concentration of hollow 

microspheres to increase the porosity of syntactic foams, excessive microspheres will result 

in a dramatic increase in the viscosity of the resin-microspheres dispersion, leading to 

processing difficulties [24]. Epoxy resin can also be foamed during its curing process with 

the use of physical or chemical blowing agents. Physical blowing agents are mainly low 

boiling points hydrocarbons, such as pentane, toluene and hexane [25]. They are added into 

the epoxy resin as liquid at room temperature and vaporised upon heating during the curing 

of the resin to produce cellular structures. Chemical blowing agents, on the other hand, 

generate gaseous products via chemical reactions upon heating. Ammonium carbonate [26], 
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azodicarbonamide [27] and sodium borohydride [28] are used as chemical blowing agents to 

produce epoxy foams. Ammonium carbonate decomposes into ammonia, carbon dioxide and 

water when heated. Azodicarbonamide produces ammonia, nitrogen and isocyanic acid upon 

heating, and sodium borohydride reacts with water to generate hydrogen and sodium 

metaborate. 

We have recently developed a blowing agent- and stabiliser-free, foam-templating 

method to produce macroporous polymers derived from bio-based epoxy resin [29]. This was 

achieved by first creating an air-in-epoxy resin liquid foam using mechanical frothing, 

followed by curing of this liquid foam at room temperature to produce the bio-based 

macroporous polymers. The compressive modulus and strength of these macroporous 

polymers were found to be 163 MPa and 4.9 MPa, respectively. While this manufacturing 

route is green, simple and versatile, the density of these macroporous polymers is limited to 

~0.29 g cm-3. In order to widen the applications of these foam-templated bio-based 

macroporous polymers, it is desirable to further reduce the density of these mechanically-

frothed bio-based epoxy foams. Therefore in this work, we build upon our previous work [29, 

30] and present a simple method to increase the porosity of foam-templated bio-based 

macroporous polymers based on air bubble expansion. By using heat, the air bubbles trapped 

within the air-in-epoxy resin liquid foams can be expanded, thereby increasing the porosity of 

the resulting foam-templated bio-based macroporous polymers. The morphology and 

mechanical properties of these bio-based macroporous polymers are characterised and the 

influence of the pore structures on the measured compression properties of the macroporous 

polymers is also discussed.  
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2.0 Experimental 

2.1 Materials 

A high biomass content epoxy resin (Greenpoxy 56, biomass carbon percentage = 56 ± 2 %, 

𝜌 = 1.20 ± 0.01 g cm-3, 𝜂 = 2500 mPa s at 15 °C) and an amine-based hardener (GP 505, 

biomass carbon percentage = 58 ± 3 %, 𝜌 = 0.99 ± 0.01 g cm-3, 𝜂 = 2600 mPa s at 15 °C) 

were purchased from Matrix Composite Materials Company Ltd (Bristol, UK) and used as 

the bio-based epoxy resin for the preparation of foam-templated macroporous polymers. 

2.2 Heat-induced bubble expansion of foam-templated bio-based macroporous polymers 

Foam-templated bio-based macroporous polymers were prepared by mechanical frothing a 

mixture of epoxy resin and hardener following previously described methods [29, 30]. Briefly, 

75 g of bio-based epoxy resin and 30 g of amine-based hardener were poured into a Pyrex 

glass bowl and this mixture was mechanically frothed using a hand-held mixer (HM730B, 

Sainsbury’s, London, UK) operated at maximum power output of 200 W for 20 min to 

produce an air-in-resin liquid foam. The liquid foam was then poured into self-standing 

Falcon® tubes (25 mm in diameter and 115 mm in height) and left to cure at room 

temperature for 24 h, followed by a post-curing step at 40 °C for another 24 h (sample 0). To 

increase the porosity of the foam-templated bio-based macroporous polymers, the prepared 

air-in-resin liquid foam was left at room temperature for only 40 min (1) and 10 min (2), 

respectively, followed by a curing step at elevated temperatures of 80 °C (A), 100 °C (B) and 

120 °C (C), for 24 h in an oven pre-heated to the desired curing temperatures. The samples 

left at room temperature for 40 min (samples 1) and 10 min (samples 2) correspond to 1 h (20 

min of mechanical frothing, followed by 40 min of standing time at room temperature) and 

30 min (20 min of mechanical frothing, followed by 10 min of standing time at room 

temperature) after the initial mixing of the bio-based epoxy resin and hardener.  
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2.3 Preparation of bulk polymers cured at different conditions 

As the macroporous polymers were fabricated by curing the air-in-resin liquid foams at 

different time after initial mixing and temperatures, the changes in curing temperatures could 

affect the mechanical performance of the resulting pore wall materials (struts) and hence, the 

overall mechanical performance of the resulting bio-based macroporous polymers. Therefore, 

bulk polymers without air bubbles were also prepared and tested. 75 g of bio-based epoxy 

resin and 30 g of hardener were mixed for 10 min in a paper cup using a wooden stick. The 

stirring of the mixture was kept slow and gentle to avoid trapping any air bubbles in the resin-

hardener mixture. To prepare compression test specimens, the well-mixed resin-hardener 

mixture was poured into Falcon® tubes with diameter and height of 15 mm and 115 mm, 

respectively. Tensile test specimens were prepared by pouring the well-mixed resin-hardener 

mixture into silicon rubber-based dumbbell shaped moulds, whereby the dumbbells possessed 

an overall length and thickness of 75 mm and 1.5 mm, respectively. The narrowest part of the 

dumbbells was 5 mm. To fabricate flexural test specimens, the resin-hardener mixture was 

poured into a 240 × 80 × 5 mm3 metal mould coated with PTFE release agent. All the 

samples were cured following the conditions previously described. 

2.4 Characterisation of the foam-templated bio-based macroporous polymers 

2.4.1 Structure and morphology of the macroporous polymers 

The internal structure of the foam-templated bio-based macroporous polymers was 

investigated using scanning electron microscope (SEM) (Hitachi S-3700N, Tokyo, Japan) 

operating at an accelerating voltage of 15 kV. Prior to SEM, the macroporous polymers were 

cut into cylinders (diameter = 25 mm and height = 5 mm) and broken into two halves by hand 

to reveal the internal structure of the macroporous polymers. The samples were then mounted 

onto aluminium stubs using carbon tabs, followed by Au coating (Agar Auto Sputter Coater, 

Essex, UK) at 40 mA for 1 min. The average pore diameter (𝐷pore), average pore throat 
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diameter1 (𝐷throat ) and pore throat frequency2 (𝑓throat ) were determined from these SEM 

images with a population size of 600 pores. The mean pore wall thickness (twall) was 

calculated using the Aleksandrov’s equation [31]: 

𝑡/011 = 𝐷3456(
8

89:; :<
− 1)  (1) 

where 𝜌f and 𝜌s are the foam density of the macroporous polymers and the true density of the 

solid polymers (see section 2.4.2). 

2.4.2 Density, porosity and open cell content of the macroporous polymers 

Prior to determining the foam density of the macroporous polymers (𝜌f ), the prepared 

samples were lathed and cut to produce cylindrical samples with uniform diameter (𝑑) and 

height (ℎ). 	𝜌f was then calculated from the measured 𝑑, ℎ and the mass (𝑚) of the cylindrical 

samples using the equation: 

𝜌f =
FG
HIJK

  (2) 

The true density of the solid polymers (𝜌s) was determined from the bulk polymers without 

air bubbles using He pycnometry (Accupyc II 1340, Micromeritics Ltd, Hexton, UK). The 

porosity (𝑃) of the macroporous polymers was calculated using: 

𝑃 = 1 − :M
:N

×100%   (3) 

The open cell content (𝑂S) of the macroporous polymers was determined in accordance to 

ASTM D6226–15. Rectangular macroporous polymer test specimens with dimensions of 

12 × 12 ×25 mm3 were prepared and their open porous skeletal density ( 𝜌TUVW ) were 

determined using He pycnometer. The open cell content of the macroporous polymers was 

calculated using: 

𝑂S = 1 − :M
:NXYZ

×100%   (4) 

                                                
1 𝐷throat =

8
[

𝐷throat, \
[
\]8  where 𝐷throat, \ and 𝑛 correspond to the diameter of the pore throat 𝑖 and the number of 

pore throats observed within our pore population size of 600 pores, respectively. 
2 𝑓throat =

3
`aa

 where 𝑝 is the number of pore throats observed within our pore population size of 600. 
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2.4.3 Compressive properties of the foam-templated macroporous polymers 

The compressive properties of the macroporous polymers were determined in accordance to 

ASTM D1621–10 using an Instron universal tester (Model 5969, Norwood, USA) equipped 

with a 50 kN load cell. Cylindrical compression test specimens with both diameter and height 

of 24 mm were placed between two flat and parallel polished plates prior to loading the test 

specimens at a crosshead displacement speed of 1 mm min-1. A total of five specimens were 

tested for each sample at room temperature. The compliance of the compression test 

equipment was found to be 1.8 × 10-5 mm N-1. 

2.4.4 In-situ SEM micro-compression test of the bio-based macroporous polymers 

In-situ SEM micro-compression test was performed using a micro-compression tester (Deben 

Microtest Stage, Suffolk, UK) equipped with a 5 kN load cell placed in an SEM chamber 

(Hitachi S-3700N, Tokyo, Japan). Prior to the test, cubic specimens of the macroporous 

polymers with dimensions of 10 × 10 ×10 mm3 were cut and coated with Au (Agar Auto 

Sputter Coater, Essex, UK) at 40 mA for 1 min. The test specimens were then compressed at 

a crosshead displacement speed of 0.5 mm min-1 and the morphology of the compressed 

cubic test specimens were imaged every 30 s. 

2.5 Characterisation of the resin-hardener mixture and the bulk polymers cured at 

different conditions 

2.5.1 Viscosity of the resin-hardener mixture 

The rheology of the resin-hardener mixture as a function of temperature and time after initial 

mixing was determined using a rotational rheometer (HAAKE MARS 60, Thermo Fisher 

Scientific, Hemel Hempstead, UK) equipped with a plate-plate (35 mm diameter) geometry. 

Prior to the test, the resin and hardener were mixed gently in a paper cup to avoid trapping 

any air bubbles. The mixed resin-hardener mixture was then placed between two parallel 

disposable aluminium plates and the gap between the plates was set to be 1 mm. Rheological 
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characterisation for the various curing conditions used in this work were conducted in 

oscillatory mode at frequency and strain of 1 Hz and 0.5 %, respectively. 

2.5.2 Compressive properties of the bulk polymers 

The compressive properties of the bulk polymers were determined in accordance to ASTM 

D695–15 using an Instron universal tester (Model 5969, Norwood, USA). The load cell and 

crosshead displacement speed used were 50 kN and 1 mm min-1, respectively. Prior to the test, 

the previously prepared cylindrical bulk polymer specimens (see section 2.3) were lathed and 

cut into cylinders with diameter and height of 12 mm and 24 mm, respectively. The test 

specimens were loaded in compression between two flat and parallel polished plates. A video 

extensometer (Imetrum Video Gauge, Bristol, UK) was used to monitor the strain of the test 

specimens. A total of five specimens were tested at room temperature for each sample. 

2.5.3 Tensile properties of the bulk polymers 

The tensile properties of the bulk polymers were determined in accordance to ASTM D638–

14 using an Instron universal tester (Model 5969, Norwood, USA) equipped with a 1 kN load 

cell. The dumbbell-shaped test specimens (section 2.3) possessed a gauge length of 25 mm. A 

total of five specimens were tested at room temperature for each sample at a crosshead 

displacement speed of 1 mm min-1. The strain of the test specimens was monitored using a 

video extensometer (Imetrum Video Gauge, Bristol, UK).  

2.5.4 Flexural properties of the bulk polymers 

The flexural properties of the bulk polymers were determined in accordance to ASTM D790–

15 using an Instron universal tester (Model 5969, Norwood, USA) equipped with a 1 kN load 

cell at room temperature. Prior to the test, the previously prepared bulk polymers (section 2.3) 

were cut into rectangular specimens with dimensions of 100 × 90 × 5 mm3. The span length 

used was 80 mm and the test specimens were loaded in 3-point bending mode at a crosshead 

displacement speed of 2 mm min-1. 
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2.5.5 Molecular weight between crosslinks of the bulk polymers 

The average molecular weight between crosslinks (𝑀c) of the bulk polymers polymerised at 

different conditions was estimated from the glass transition temperature (𝑇g) and the storage 

modulus of the rubbery plateau (𝐸Rh ) using the following equation [32]: 

𝑀i =
jk:Nl(mnoFa)

pq
r    (5) 

where φ is the mean-square end-to-end chain distance in the polymer network over the chain 

distance in free space, which was found to be very close to 1 for cured epoxy resin [33]. 𝑅, 𝑇g 

and 𝐸Rh  are the universal gas constant (8.31 J mol-1 K-1), the glass transition temperature 

(based on the temperature at the peak of the tan 𝛿 curve) [34] and the storage modulus of the 

rubbery plateau evaluated at 𝑇g + 40 K, respectively. The viscoelastic properties of the bulk 

polymers were determined using dynamic mechanical thermal analysis (DMTA) (RSA-G2, 

TA Instruments, New Castle, UK) conducted on test specimens with dimensions of 

30 × 5 × 1.5 mm3 in 3-point bending mode (span = 25 mm). The test specimens were heated 

from 25 °C to 150 °C at a rate of 5 °C min-1. The frequency and strain amplitude used were 1 

Hz and 0.005%, respectively. 

3.0 Results and discussion 

3.1 Density, porosity, and morphology of the macroporous polymers 

The SEM images of the foam-templated bio-based macroporous polymers cured at various 

conditions are shown in fig 1 and the foam density (𝜌f), porosity (𝑃), open cell content (𝑂S), 

average pore diameter (𝐷pore), mean pore wall thickness (𝑡wall), average pore throat diameter 

(𝐷throat) and pore throat frequency (𝑓throat) of the fabricated bio-based macroporous polymers 

are summarised in table 1. Spherical pores can be observed for all samples. This is consistent 

with our previous study [29]. The formation of spherical pores is a direct result of the trapped 

air bubbles reaching equilibrium with the surrounding resin prior to gelation as spherical 

shape minimises surface tension. 
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Air-in-resin liquid foam cured at room temperature for 24 h followed by post curing at 

40 °C for another 24 h (sample 0) possessed a porosity of 71 % and 𝐷pore of 152 µm (table 1). 

By reducing the time after initial mixing of the air-in-resin liquid foam at room temperature 

to only 1 h before curing at elevated temperatures of 80 °C (sample 1-A), 100 °C (sample 1-B) 

and 120 °C (sample 1-C), respectively, the porosity of the resulting bio-based macroporous 

polymers increased up to 78 %. This is accompanied by an increase in 𝐷pore  of the 

macroporous polymers from 152 µm for sample 0 to 187 µm for sample 1-C. A further 

reduction in the time after initial mixing of the air-in-resin liquid foam to only 30 min before 

curing at elevated temperatures of 80 °C (sample 2-A), 100 °C (sample 2-B) and 120 °C 

(sample 2-C) increased the porosity of the resulting macroporous polymers further up to 85%, 

with a 𝐷pore of 352 µm (sample 2-C). These results can be attributed to the air-in-resin liquid 

foams 30 min and 1 h after initial mixing not reaching their gelation point prior to heating, as 

well as the increase in pressure inside the air bubbles of the liquid foams upon heating. This 

leads to the expansion of the air bubbles trapped in the air-in-resin liquid foam, producing 

macroporous polymers with higher porosity and larger 𝐷pore. 

In addition to this, the viscosity of the resin also decreased upon heating of the air-in-

resin liquid foam prior to gelation (see fig 2). The viscosity of the resin-hardener mixture left 

to cure at room temperature (fig 2a, correspond to sample 0) increased exponentially after 

initial mixing. This increase is consistent with the viscosity of epoxy resin systems as a 

function of time reported in the literature [35-37]. The viscosity of resin-hardener mixtures 

dropped sharply upon heating initially (figs 2b-d and 2e-g for 1 h and 30 min after initial 

mixing of the resin-hardener mixture, corresponding to samples 1-A to 1-C and 2-A to 2-C, 

respectively), followed by vitrification of the resin (a sharp increase in viscosity). The initial 

decrease in viscosity further aided the expansion of the air bubbles at elevated temperatures. 

Phase separation of liquid foams could potentially occur upon heating as the viscosity of the 
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liquid decreases, leading to air bubble coalescence. Nevertheless, this was not observed in our 

study due to the short time (less than 8 min) between viscosity decrease upon heating and the 

vitrification of the resin system. This prevented the complete phase separation of the air-in-

resin liquid foam prior to resin vitrification. 

Pore throats can also be observed on all samples. A pre-requisite for pore throat 

formation is the rupture of the thin pore walls between two adjacent pores [38, 39]. The 

formation of pore throats in foam-templated macroporous polymers can also be attributed to 

the incomplete coalescence of two air bubbles during curing [29]. Sample 0 possessed a pore 

throat diameter and pore throat frequency of 18 µm and 4%, respectively. By reducing the 

time after initial mixing to 1 h followed by curing at elevated temperatures, the pore throat 

diameter and pore throat frequency increased to 23 µm and 13 % (sample 1-A), 31 µm and 

17 % (sample 1-B) and 36 µm and 20 % (sample 1-C), respectively. The open cell content 

also increased from 2% (sample 0) to ~20% (samples 1). This is due to the expansion of air 

bubbles at elevated temperatures, causing the adjacent bubbles to touch and coalescence. As 

the viscosity of the resin decreased only for a short period of time before resin vitrification 

occurred, the coalescence of the air bubbles was incomplete, leading to the formation of pore 

throats and an increase pore throat frequency, as well as an increase in the open cell content 

of the macroporous polymers. Comparing samples 1 and 2, 𝐷throat, 𝑓throat and 𝑂S of samples 

2-A, 2-B and 2-C increased compared to samples 1-A, 1-B, 1-C and 0, as the resin viscosity 

of samples 2 upon heating was lower (due to shorter time after initial mixing) than samples 1 

and 0. It should be noted that the macroporous polymers fabricated were not air permeable as 

the pores observed were only partially interconnected. 

3.2 Compression properties of the macroporous polymers 

The representative compression stress-strain curves of the foam-templated bio-based 

macroporous polymers are shown in fig 3. All the curves possess three characteristic regions: 
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(i) a linear elastic region of up to ~5 % strain, (ii) a plateau region where the stress remained 

almost constant with increasing strain and (iii) a densification region where the compressive 

stress increased rapidly again. In the linear elastic region, the macroporous polymers 

deformed reversibly via pore wall bending [40]. When the force applied on the pore walls 

(struts) exceeded the plastic moment, the macroporous polymer yielded [41, 42]. At this point, 

the pore walls (struts) were bent plastically and the deformation of the macroporous polymers 

was no longer recoverable upon removal of the applied stress. After yielding, the 

compressive stress of the macroporous polymers stayed constant with increasing strain. This 

indicates that the presence of air trapped in the pores has little or no effect on the compressive 

properties of these macroporous polymers [40]. In the densification region of the stress-strain 

curves, most of the pores were completely crushed and the porous polymers behave like bulk 

polymers, causing the steep increase of stress with increasing strain. The compressive 

properties of the macroporous polymers cured at different conditions are summarised in table 

2. Sample 0 possessed compressive modulus and strength of 231 MPa and 5.9 MPa, 

respectively. By reducing the time after initial mixing to 1 h before curing at elevated 

temperatures, the compressive properties of the resulting macroporous polymers decreased to 

𝐸 = 125 MPa and 𝜎 = 3.8 MPa (sample 1-C). A further reduction of the time after initial 

mixing to only 30 min before curing at elevated temperatures further reduced the 

compressive properties of the macroporous polymers to 𝐸  = 58 MPa and 𝜎  = 1.9 MPa 

(sample 2-C). 

To ascertain whether the changes in the curing conditions of the air-in-resin liquid 

foam affected the compressive properties of the bio-based macroporous polymers, we further 

investigated the degree of crosslinking of the bulk polymers cured at the same conditions as 

the macroporous polymers. The average molecular weight between crosslinks (𝑀c) of the 

bulk polymers were estimated from the viscoelastic properties (see fig 4) using equation 4. 
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𝑀c  reduced with increasing polymerisation temperature (see table 3). This is also 

accompanied by an increase of the 𝑇g of sample 0 from ~65 °C to ~91 °C for the rest samples. 

This is due to the formation of more crosslinks when the curing temperature was increased 

and a higher degree of crosslinking results in a higher glass transition temperature and a 

lower value of Mc. Nevertheless, the difference in 𝑀c was not significant amongst all samples. 

This is also consistent with the mechanical properties of these bulk polymers (see table 4). 

Sample 0 possessed compressive modulus and strength of 𝐸 = 3.2 GPa and 𝜎 = 82 MPa, 

tensile modulus and strength of 𝐸  = 2.6 GPa and 𝜎 = 52 MPa and flexural modulus and 

strength of 𝐸	= 2.5 GPa and 𝜎  = 70 MPa, respectively. By curing the bulk polymers at 

various conditions studied in this work, no significant differences in the mechanical 

properties of the bulk polymers can be observed. This further implies that the mechanical 

properties of the pore wall materials (struts) of our fabricated macroporous polymers are also 

similar to each other.  

3.3 In-situ SEM micro-compression test of the macroporous polymers 

The mechanical properties of porous materials are also influenced by their pore structures 

[43-47]. Therefore, in-situ SEM micro-compression test was carried out to investigate the 

micro-deformation process of the fabricated macroporous polymers. Exemplarily fracture 

process of samples 0 and 2-C are shown in figs 5a and 5b, respectively. The videos of the in-

situ SEM micro-compression test of all samples can be found in supporting information. 

When the strain of the test specimens was low, both samples deformed elastically and no 

visible cracks can be seen (figs 5a-1 and 5b-1). As the strain increased, small cracks can be 

observed in figs 5a-2 and 5b-2 (see arrows). Corrugations on the pore walls of sample 2-C 

can also be seen. A further increase in strain of the samples led to the propagation and joining 

of cracks, forming localised crack lines (figs 5a-3 and 5b-3). The previously observed 

corrugation in sample 2-C fractured. At this point, both samples started to yield due to the 
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irreversible displacement along the localised crack lines. The propagation of the cracks 

continued and the localised crack lines joined together throughout the samples (Figs 5a-4 and 

5b-4). Beyond this specimen strain, the pores along the crack lines were crushed and these 

crack lines became crush bands. These bands are generally perpendicular to the compression 

direction [48, 49].  

3.4 Discussion: The effect of different curing conditions on the compression properties 

of foam-templated bio-based macroporous polymers 

Different curing conditions of the initial air-in-epoxy resin liquid foams led to the fabrication 

of macroporous polymers with different foam densities, pore throat frequencies and pore 

diameters. Ashby-Gibson model showed that the compression properties of macroporous 

polymers are dependent only on the relative density, :f
:s

, of the macroporous polymers. Table 

5 summarises the normalised compressive properties of the foam templated macroporous 

polymers studied in this work. The compressive moduli and strength of the macroporous 

polymers are normalised against 𝜌wx and 𝜌w8.z, respectively [40]. It can be seen from this table 

that the normalised compressive properties of the macroporous polymers are similar for all 

samples. As no significant difference was observed in the mechanical properties of the pore 

wall materials (struts), the reduction in the compression properties of the fabricated 

macroporous polymers in this work can be mainly attributed to the reduction in the density of 

the macroporous polymers. In addition to this, pore throats can also be regarded as flaws on 

the pore walls and cracks can easily form and propagate from the pore throats. Many of the 

cracks observed in sample 2-C (fig 5b) were initiated from pore throats and the crack line 

passed through these pore throats. Since the pore throat frequency increased with increasing 

the porosity of the macroporous polymers, the presence of pore throats further reduced the 

compression properties of the macroporous polymers observed in this study.  
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We also investigated the pore deformation of our fabricated macroporous polymers. 

Fig 6 shows the degree of pore deformation, defined as the ratio between the horizontal and 

vertical Feret diameters of the pores, {h
{v

, for 2 different pore sizes of all samples. A {h
{v

 value of 

unity and zero correspond to perfect spheres (as-fabricated pore) and a line (fully crushed 

pore), respectively. At any given specimen strain, it can be seen from this figure that larger 

pore deformed more compared to smaller pores. Several pore deformation mechanisms have 

been proposed, including cell rib bending, pore wall buckling, stretching and bending [50, 

51]. Considering the relatively high foam density (~0.3 g cm-3) of our macroporous polymers, 

the bending of the pore wall is the dominant pore deformation mechanism [52]. It can be 

anticipated that the deflection of the pore wall materials (struts) at a given load will be larger 

for larger pores. This implies that macroporous polymers with larger 𝐷pore will deform easier 

than macroporous polymers with smaller 𝐷pore. This is consistent with our observations that 

the compressive modulus and yield strength of the macroporous polymers decreased with 

increasing 𝐷pore . Similar observations were also observed by other researchers [53, 54], 

whereby the fracture of a macroporous polymer initiates from pores of larger diameter. 

3.5 Heat-induced bubble expansion of our liquid epoxy foam and commercially 

available thermoplastic foams: Similarities and differences 

Our heat-induced bubble expansion of foam-templated macroporous polymers is analogous to 

the production of commercially available Zotefoams [55]. Zotefoams are crosslinked 

polyethylene (PE) foams produced by first saturating PE melt with nitrogen gas at high 

pressure (~700 bar in an autoclave). The pressure is then rapidly reduced to atmospheric 

pressure, supersaturating the PE melt and this allows for the nucleation of nitrogen gas 

bubbles within the polymer melt. This is then followed by a fast quenching step to room 

temperature to entrap the nitrogen gas bubbles within the solid PE, forming a “semi-foam” 

with porosity of approximately 30%. The “semi-foam” is then re-heated to temperatures close 
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to the melting point of PE under moderate pressure to expand the nitrogen gas bubbles, 

progressively releasing the entrapped nitrogen gas, producing the final low density closed-

cell foam. 

While both the Zotefoams process and the process reported in our work explore the 

use of heat to increase the porosity of macroporous polymers, it should be noted that the 

manufacturing process of Zotefoams require the use of autoclaves to saturate the PE melt 

with nitrogen gas at high pressure. In our macroporous polymer manufacturing method, air is 

dispersed directly into the liquid resin by high intensity mixing. The macroporous polymers 

in our work was found to possess more pore throats and more open-cell structure (see section 

3.1) compared to the closed-cell Zotefoams. This can be attributed to both the volume 

occupied by nitrogen/air bubbles at the point of bubble expansion. As aforementioned, the 

“semi-foam” of Zotefoams possessed a porosity of approximately 30%. This implies that the 

nitrogen bubbles in the “semi-foam” have more space between adjacent nitrogen bubbles to 

expand prior to bubble coalescence. The air-in-epoxy resin liquid foam in our work, on the 

other hand, possessed an initial entrained air volume fraction of ~70%, which is close to the 

limit of the close-packing of spheres of a given volume (~74%) [56], prior to bubble 

expansion. As a result, the air bubbles do not have much free space to expand upon heating, 

leading to the coalescence of the entrapped air bubble, resulting in the formation of pore 

throats within the foam-templated macroporous polymers. 

4.0 Conclusions 

In our previous work [29], we showed that high performance bio-based epoxy macroporous 

polymers can be produced using a simple blowing agent- and stabiliser-free foam-templating 

method. In this study, we successfully increased the porosity of the foam-templated bio-based 

macroporous polymers from 71% to as high as 85% by heating the air-in-resin liquid foam 

prior to its gelation. The heating of this liquid foam decreased the viscosity of the resin 
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surrounding the air bubbles and increased the pressure inside the air bubbles, leading to the 

isotropic expansion of air bubbles trapped within the liquid foam. It was also observed that 

the increase in porosity of the macroporous polymers was also accompanied by an increase in 

average pore diameter and pore throat frequency. 

The fabricated macroporous polymers also possessed high compression properties. 

Macroporous polymers with a porosity of 71% possessed compression modulus and strength 

of 231 MPa and 5.9 MPa, respectively. The compression modulus and strength of 

macroporous polymers decreased to 58 MPa and 1.9 MPa, respectively, when the porosity 

was increased to 85%. The average molecular weight between crosslinks, compression, 

tension and flexural properties of the pore wall materials (struts) were found to be similar for 

all samples. In situ micro-compression SEM tests showed larger pores deformed more 

compared to smaller pores and the cracks were easy to initiate from the pore throats of the 

macroporous polymers. Therefore, the decrease in compression properties of the foam-

templated macroporous polymers is due to the decrease in foam density and the increase in 

pore throat frequency. 

 

Supporting information 

Videos of the in-situ SEM micro-compression test on the macroporous polymers. 
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Figure 1. Scanning electron micrographs of the fabricated biobased macroporous polymers. 
Sample 0: cure at room temperature for 24 h and post-cure at 40 °C for 24 h. 1 and 2 
represent standing time at room temperature of 1 h and 30 min after initial mixing, 
respectively. A, B and C represent polymerising temperature of 80 °C, 100 °C and 120 °C, 
respectively. (scale bar = 500 µm). 
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Figure 2. Viscosity of the resin-hardener mixture polymerised at different conditions. (a) cure 
at room temperature. (b), (c) and (d) cure at room temperature for 1 h and post-cure at 80 °C, 
100 °C and 120 °C, respectively. (e), (f) and (g) cure at room temperature for 30 min and 
post-cure at 80 °C, 100 °C and 120 °C, respectively. 
 

 

Figure 3. Representative compressive stress-strain curves of the fabricated bio-based 
macroporous polymers.  
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Figure 4. Viscoelastic properties of the bulk polymers polymerised at different conditions. 
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(a) 

 
(b) 

Figure 5. SEM images of in-situ micro-compression test on sample 0 (a) and sample 2-C (b) 
(scale bar = 500 µm). 
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Figure 6. Deformation of pores with different diameter. Fh and Fv denote horizontal and 
vertical Feret diameter, respectively. 
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Table 1. Density, porosity and morphological properties of the macroporous polymers. 
𝜌w, 𝑃, 𝑂S, 𝐷3456, 𝑇/011, 𝐷~K540~	and 𝑓~K540~	denote density, porosity, open cell content, average 
pore diameter, mean pore wall thickness, average pore throat diameter and pore throat 
frequency, respectively 

Sample 𝜌w  

(g/cm3) 
𝑃a 

(%) 
𝑂S 
(%) 

𝐷3456 
(µm) 

𝑇/011 
(µm) 

𝐷~K540~ 
(µm) 

𝑓~K540~ 
(%) 

0 0.35 ± 0.02 71 ± 2 2 ± 1 152 ± 114 28 ± 1 18 ± 6 4 
1-A 0.31 ± 0.01 74 ± 1 15 ± 1 181 ± 135 30 ± 1 23 ± 9 13 
1-B 0.28 ± 0.01 77 ± 1 16 ± 1 187 ± 144 27 ± 1 31 ± 14 17 
1-C 0.26 ± 0.02 78 ± 1 24 ± 1 187 ± 143 26 ± 1 36 ± 28 20 
2-A 0.21 ± 0.01 82 ± 1 30 ± 1 229 ± 161 25 ± 1 56 ± 34 28 
2-B 0.20 ± 0.01 83 ± 1 28 ± 1 248 ± 159 26 ± 1 56 ± 34 24 
2-C 0.18 ± 0.01 85 ± 1 29 ± 1 352 ± 277 33 ± 1 89 ± 53 27 
aPorosity calculated using equation 𝑃 = 1 − :;

:<
, and 𝜌�  is found the same for all samples 

(1.20 ± 0.01 g/cm3). 
 
Table 2. Compressive properties of the macroporous polymers. 𝐸c,foamand 𝜎c,foamdenote the 
compressive modulus and compressive strength of the macroporous polymers, respectively 
Sample 𝐸c,foam	(MPa) 𝜎c,foam	(MPa) 
0 231 ± 17 5.9 ± 0.7 
1-A 184 ± 10 5.4 ± 0.3 
1-B 146 ± 4 4.5 ± 0.1 
1-C 125 ± 16 3.8 ± 0.5 
2-A 95 ± 3 2.7 ± 0.2 
2-B 73 ± 11 2.2 ± 0.3 
2-C 58 ± 10 1.9 ± 0.1 
 
Table 3. Viscoelastic properties of the bulk polymers. 𝐸’, 𝐸’l, 𝑇� and 𝑀� denote the storage 
modulus at room temperature, the storage modulus of the rubbery plateau evaluated at 𝑇� + 
40 K, the mechanical glass transition temperature and the molecular weight between 
crosslinks, respectively 
Sample 𝐸’ (GPa) 𝐸’l	(MPa) 𝑇�  (° C) 𝑀�  (g/mol) 
0 3.23 ± 0.02 26.9 ± 1.6 65.8 ± 0.2 416 ± 25 
1-A 3.08 ± 0.29 44.2 ± 5.9 92.8 ± 0.1 273 ± 37 
1-B 3.10 ± 0.20 45.5 ± 5.2 92.3 ± 0.1 264 ± 30 
1-C 3.13 ± 0.17 37.1 ± 3.9 89.3 ± 0.9 321 ± 33 
2-A 2.92 ± 0.23 43.2 ± 2.1 91.0 ± 0.7 276 ± 13 
2-B 2.96 ± 0.48 44.9 ± 5.2 93.1 ± 0.1 268 ± 31 
2-C 3.05 ± 0.29 38.0 ± 4.5 91.3 ± 0.9 316 ± 36 
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Table 4. Mechanical properties of the bulk polymers. 𝐸�, 𝜎�, 𝐸m, 𝜎m, 𝐸{	 and 𝜎{  denote 
compressive modulus and strength, tensile modulus and ultimate strength, flexural modulus 
and ultimate strength, respectively 
Sample 𝐸�  (GPa) 𝜎�(MPa) 𝐸m	(GPa) 𝜎m (MPa) 𝐸{ (GPa) 𝜎{ (MPa) 
0 3.2 ± 0.1 82 ± 1 2.6 ± 0.1 52 ± 1 2.5 ± 0.1 70 ± 2 
1-A 3.2 ± 0.2 84 ± 1 2.5 ± 0.1 57 ± 1 2.6 ± 0.1 89 ± 1 
1-B 2.9 ± 0.1 81 ± 1 2.5 ± 0.1 55 ± 1 2.5 ± 0.1 80 ± 2 
1-C 3.0 ± 0.1 79 ± 1 2.6 ± 0.1 54 ± 1 2.6 ± 0.1 85 ± 2 
2-A 3.2 ± 0.2 83 ± 1 2.5 ± 0.1 56 ± 1 2.8 ± 0.1 90 ± 2 
2-B 2.9 ± 0.1 80 ± 1 2.5 ± 0.1 55 ± 1 2.5 ± 0.1 72 ± 4 
2-C 3.1 ± 0.2 80 ± 1 2.5 ± 0.1 52 ± 1 2.7 ± 0.1 85 ± 2 
 
Table 5. Normalised compressive properties of the fabricated foam-templated macroporous 
polymers. 𝐸c,foam, 𝜎c,foam	and 𝜌w denote compressive moduli, strength and foam density of the 
macroporous polymers, respectively.  

Sample 
pc,foam
:;
J 	(MPa cm6 g-2) 

�c,foam
:;
�.� 	(MPa cm4.5 g-1.5) 

0 1908 ± 133 28.4 ± 0.8 
1-A 1951 ± 64 31.8 ± 0.5 
1-B 1872 ± 99 30.8 ± 0.6 
1-C 1830 ± 363 28.3 ± 1.7 
2-A 2139 ± 93 27.7 ± 1.2 
2-B 1778 ± 188 24.3 ± 1.9 
2-C 1713 ± 259 24.4 ± 0.9 
 
 
 
 


