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Toughened Epoxy Polymers via Rearrangement of 

Network Topology 

M. Sharifi,a C. W. Jang,a C. F. Abrams,a G. R. Palmesea 

The highly crosslinked molecular architecture of thermosets make this class of materials strong 

but brittle.  It is advantageous to enhance ductility without sacrificing strength, glass transition 

temperature (Tg), and modulus.  The hypothesis was tested that without altering chemical 

structure, network topology of a dense thermoset can be engineered to dissipate more energy 

before rupturing covalent bonds, producing a tougher material wi thout sacrificing ultimate 

tensile strength, density, or glass transition temperature.  A processing technique termed 

“Reactive Encapsulation of Solvent/Drying” (RESD) was used in which epoxy curing was 

conducted in the presence of varying amounts of inert  small-molecule solvent, followed by a 

drying/annealing process in which solvent was removed. Density measurements and freeze-

fracture surface analysis revealed that the resulting RESD materials are not porous in their 

relaxed state after annealing.  Comparing the dynamic mechanical response of the modified 

(RESD) to the unmodified (conventional) structures revealed no significant differences in glassy 

modulus and Tg.  However, quasi-static mechanical testing showed that upon stretching, the 

modified structures have volumetric energy capacity of up to 2.5 times that of the unmodified 

ones. SEM micrographs of fracture surfaces of RESD specimens indicated nano-sized cavities 

on the surface of the modified thermosets not present before breaking. Therefore, the presence 

of distinct topological features in the modified network is likely the origin of the large 

improvement in ductility.  Topology-based toughening is potentially an important step toward 

developing better high performance network polymers and composites.    

 

 

 

 

 

 

Introduction 

Epoxy materials are extensively used because they typically 
guarantee excellent adhesion, high chemical and heat resistance, 
good-to-excellent mechanical properties,1 and relatively good 
electrical insulating properties.  Many attempts have been made 
to improve their resistance to abrasion when used as coating 

materials.2  Structural epoxy-based composite materials are 
becoming prominent in a vast number of applications where a 
material with relatively high strength, high modulus and light-
weight is needed.  However, epoxy thermosets are brittle due to 
their highly crosslinked networks, and exhibit poor resistance to 
fracture.3-6  These polymer materials generally break before 
yielding without plastic deformation with relatively poor energy 
absorption before failure.7  

Significant effort has been dedicated to developing methods to 
toughen epoxies.  Toughened epoxy systems have been achieved 
using, for example, micro-sized liquid rubber,8, 9 thermoplastic 
particles,10-13 core-shell rubber particles,14-15 elastomers,16 
diblock copolymers,17-19 and interpenetrating networks.20  

Although these techniques were successful at toughening 
thermosets, it is widely observed that the presence of a soft 

second phase matter such as rubber particles, thermoplastic 
particles, or a low-stiffness interpenetrated network reduces the 
modulus, strength and, more importantly, glass transition 
temperature of the resulting system.  Developing methods to 
toughen epoxies without sacrificing these advantageous 
properties remains paramount. 
Recent molecular-simulation work points to a possible solution: 
Using coarse-grained molecular simulations of highly 

crosslinked polymer networks, Mukherji et al.8, 9 observed the 
opening of many small random voids upon uniaxial tension, 
leading to a clear strain-hardening regime.  These voids were not 
present in the unstressed samples but were encoded by the non-
uniform directionality of the crosslink bonds, and these authors 
further showed that by tetrahedrally distributing crosslinks 
emanating from each particle, these voids could be suppressed, 
generating samples of the same density and ultimate strength as 
the more random samples.  This work suggests that altering the 

network connectivity of a crosslinked polymer without changing 
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the crosslink density offers a route to increasing toughness 
without sacrificing strength.  
Previous experimental work in our group offers a possible route 

toward realizing this suggestion.  Raman et al.21, 22 proposed a 
method through which a polymer network could be tailored via 
a miscible and chemically inert solvent present during cure.  The 
technique was termed Reactive Encapsulation of Solvent (RES).  
This method involves the synthesis an epoxy thermoset in 
presence of an inert solvent without microphase separation.  It 
was shown that when the step-growth polymerization reactions 
take place in presence of an inert solvent that is miscible with the 

monomers and resulting polymer, the polymer network 
encapsulates the solvent species without covalent bonds being 
formed in the regions where inert solvent species are present.  
Consequently, a nanoporous polymer network is obtained upon 
solvent removal using supercritical extraction and drying.21, 22  If, 
as is done in this work, solvent removal is conducted simply by 
heating the organogels following network formation, the pores 
collapse leading to samples with the same density as non-RES-

modified epoxies.  This method of network synthesis is termed 
as Reactive Encapsulation of Solvent-Drying (RESD) approach.   
The purpose of this article is to demonstrate how RESD can 
indeed generate toughened epoxy materials without sacrificing 
density, strength, or glass-transition temperature, for a particular 
epoxy/crosslinker/solvent system.  All-atom molecular dynamics 
simulations of the same systems further illustrate that RESD 
yields inter-crosslink contour-length distributions shifted to 
higher values, indicating that indeed network topology is 

predictably influenced by RESD. 

Experimental 

Materials.  The materials used in this study are shown in Figure 1.  

The difunctional epoxy resin used is Diglycidel Ether of Bisphenol-A 
(DGEBA), EPON 828 with n=0.13, (Miller-Stephensen Chemical 
Co.).  The curing agent is an aliphatic tetrafunctional diamine, 
polyetheramine (Jeffamine D-400) with an averaged molecular 
weight of about 430 g/mol (Huntsman).  Dichloromethane (DCM) 
(Sigma-Aldrich) was used as the inert solvent for the RESD 
technique. 

 

Diglycildyl Ether of Bisphenol-A (DGEBA), EPON 828, n=0.13 

 

Polyetheramine (Jeffamine D400), x=6.1 

 

Dichloromethane (DCM) 

Figure 1. Molecular structures of epoxy and amine monomer 

resins and the solvent (DCM) used in this study. 

Solvent Selection.  According to Raman et al.22, the solvent used in 
RES has to be miscible in DGEBA and Jeffamine D400 for the entire 
polymerization.  It also must not phase separate before or during cure.  
Additionally, it is essential that the solvent species remain inert during 
polymerization reactions and not react with any of the reactive 

moieties at the curing temperature.  The solvent molecules should also 
have a low boiling point and optimal favorable interactions with 
polymer chains so that they can be easily removed after 

polymerization but are soluble in the polymer.  It is also preferred that 
the solvent has a low vapour pressure to minimize solvent loss during 
polymerization reactions at elevated temperatures.  Taking into 
account all the above, DCM was selected as the solvent.  Fourier 
Transform Infrared Spectroscopy in near infrared region revealed the 
inertness of DCM during the epoxy-amine reactions at the 
temperature of interest.  The good miscibility observed for DCM in 
the reacting system likely stems from favorable weak dipole-dipole 

interactions involving hydroxyls formed during the ring opening 
reaction of DGEBA.  Sample transparency (refractive indices of 1.5-
1.57 and 1.42 for epoxy and DCM, respectively) before and after cure 
indicated the miscibility of dichloromethane during epoxy-amine 
reactions without macro/micro phase separation.  Provided the criteria 
for selecting a solvent described above are met other solvents can be 
used to create networks of altered topology. 

Resin Selection.  Solvent species typically exhibit poor diffusion rate 

through highly crosslinked membranes.23, 24 Additionally, in a 
numerical study Rohr and Klein proposed that diffusivity of chemical 
species is strongly influenced by species chain lengths.25, 26  The 
preliminary experiments conducted with the epoxy resin EPON 828 
and crosslinker 1,4-bis(aminocyclohexyl)methane (PACM-20).  
Thermogravimetric results showed that the diffusion rate of DCM 
through a membrane made from an aromatic epoxy resin such as 
DGEBA and an aliphatic amine hardener like Jeffamine D400 is about 
3 to 4 times greater when compared to a system composed of same 

epoxy resin cured with a cycloaliphatic amine such as PACM.  It is 
believed that the higher diffusivity of DCM in the Jeffamine-based 
epoxies is attributed to the greater segmental flexibility of Jeffamine 
(and the lower Tg).  So, although polyetheramine as the curing agent 
provides a relatively low glass transition temperature, it was used as 
the curing agent in this study since it eases the solvent removal step.  

Resin Processing.  The sample batches were named by the weight 
ratio, labelled “DEA”, of DCM to the epoxy-amine resin used.  For 

example, a “DEA 1” labelled sample has an equal weight of solvent 
to epoxy-amine monomers and so it is 50% solvent by weight. Batches 
with DEA’s of 0, 0.5, 0.75, 1, and 1.5 were prepared.  EPON 828 resin 
was put in vacuum prior to mixing to remove water and other 
impurities.  The purity of the EPON resin was confirmed using GPC.  
The value of epoxy equivalent weight, EEW, for EPON 828 was taken 
as 185-192 gr/eq from the material spec sheet.  Jeffamine D-400 was 
used as received, and the amine hydrogen equivalent weight, AHEW, 

was assumed to be 115 gr/eq according to the material data sheet.  
Epoxy and amine were mixed in 2:1 molar ratio assuming ideal case 
where each tetrafunctional amine reacts with two difunctional 
epoxies.  Samples were mixed in a centrifugal mixer at 2000 RPM for 
10 min to ensure good mixing.  The mixing process continued until a 
clear transparent liquid was obtained.27  The samples were then 
poured in a perfectly sealed container to minimize loss of DCM during 
cure.  PTFE tubes with tube vacuum couplings provided the sealed 

environment. 

Curing Procedure.  One challenge was to find the optimum curing 
temperature at which the polymerization approaches adequate 
conversion while at the same time guaranteeing the container could 
sustain the pressure produced by the DCM.  Previous studies confirm 
that the rate of epoxy-amine reactions is lowered in the presence of 
inert solvent due to reactant dilution.28  Preliminary kinetic results 
showed that curing reactions become extremely slow at temperatures 
below 50˚C in the presence of DCM.  DCM has a vapor pressure of 

approximately 2000 mmHg at 70˚C,29 presenting experimental 
challenges with sealing the curing vessel for curing temperatures 
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above 70˚C.  We therefore were limited to a maximum curing 
temperature of 70˚C.  All samples were kept at the reaction 
temperature for a total of three days to ensure the concentration of 

unreacted moieties is approximately zero (measured using Fourier 
transform infrared spectroscopy, detailed below).  The same curing 
protocol was used for all batches including 0 DEA.  All samples were 
weighed before and after cure to verify no solvent/resin was lost 
during cure.  It was observed that the relative volume shrinkage after 
drying was larger for the specimens with higher initial solvent content. 

Fourier Transform Infrared Spectroscopy (FTIR).  In order to 
monitor the epoxy-amine reactions and to investigate the inertness of 

solvent molecules during epoxy-amine reactions, FTIR in the near-
infrared region (4000-8000 cm-1) was used.  A NIR spectrometer 
Nexus 670/870 (Thermo Nicolet Corp.) with CaF2 beam splitter was 
employed for this purpose.  Capillary glass tubes (ID = 1.6 + 0.05 mm) 
were used to hold the samples.  The tubes were sealed to ensure no 
solvent leakage during data acquisition.  NIR spectra were collected 
at a resolution of 4 cm-1 in absorbance mode.  The near infrared region 
was chosen since all the reactive moieties can be monitored.  The 

peaks involved are the epoxy peak at 4530 cm-1, the primary amine 
peak at 4925 cm-1, and the primary/secondary amine peak at 6510 cm-

1.30 

Thermal Drying.  All samples were oven-dried at 120˚C for about 20 
days.  The weight of each sample was recorded at regular time 
intervals.  After 20 days, the oven was turned off and with the door 
closed, the samples were gradually cooled to room temperature.  The 
time between cooling and mechanical testing was approximately the 
same for all samples, minimizing differences resulting from physical 

aging below Tg. 

Dynamical Mechanical Analysis (DMA).  A TA instrument Q800 
DMA apparatus was utilized to measure the viscoelastic properties 
and Tg.  All specimens were tested at a constant frequency of 1 Hz.  
The oscillation amplitude was kept at 15 μm in single-cantilever 
mode.  All samples were sanded into rectangular slab geometry (35-
36 mm in length, 10-12 mm in width and approximately 2 mm in 
thickness).  Test was conducted with a scanning rate of 1˚C/min 

starting from room temperature to 140˚C to obtain sufficient data 
below and above the glass transition temperature.  The Tg value was 
taken from the position of the peak of the loss modulus curve. 

Density Measurement.  The specific gravity and density of the 
resulting polymers was measured through the water displacement 
technique as described in ASTM D792.  All specimens were well-
polished and immersed in DI water at room temperature i.e. 23 ˚C.  A 
setup as described in ASTM D792 was used to measure wet weights 

and density was measured using the procedures described therein. 

Density values at the elevated temperatures (e.g. T = Tg + 40) were 
found by adjusting the room temperature density using volume 
expansion data obtained using a TA Instruments Q400 TMA 
apparatus. 

Quasi-static mechanical properties.  Uniaxial quasi-static 
mechanical properties in tensile and compressive modes were 
determined using a servohydraulic Instron apparatus model 8872.  

Five identical specimens were prepared for each sample type.  They 
were cut into a rectangular slab geometry and then plastic tabs glued 
at each end.  They were also well-polished to minimize the adverse 
effect of surface roughness on the resulting stress-strain curves.  All 
dimensions were uniform with a standard deviation of ±1%.  All 
samples were drawn under a uniaxial tensile loading rate of 0.5 
mm/min at room temperature.  The compression specimens were 
prepared the same way where five identical cubic specimens (3x3x3 
mm ± 2%) were put in order for each of the sample types.  

Compressive load was applied in the axial direction at a crosshead 
speed of 1 mm/min at room temperature.  The stress-strain data was 
collected until the point of rupture. 

Scanning Electron Microscopy (SEM).  High resolution 
micrographs were taken with a Zeiss Supra 50VP equipped with an 
in-lens imaging detector.  The samples were all broken at either room 
temperature or in liquid nitrogen.  All the fractured surfaces were 
platinum sputtered for 25 seconds prior to imaging.  The sputtering 
duration is selected to avoid covering the visible features on the 
broken surfaces with the sputtering material. 

All-atom Molecular Dynamics (MD) Simulations.  The GAFF force 

field,31, 32 and the LAMMPS simulation package,33 was used to 
conduct all-atom MD simulations of stoichiometric 
Epon/Jeffamine/DCM epoxies.  Each simulation system was 
generated by first placing stoichiometric amounts of Epon828 and 
Jeffamine-D400 (J400) were followed by the desired amount 
dichloromethane to obtain low density mixture in a periodic box.  The 
concentration of DCM in the mixtures was identical to those the 
experiments; i.e., 0%, 33%, 40%, and 50% by weight DCM.  Four 

replicas per DCM concentration were generated.  A series of NVE 
(constant number, volume and energy) and NPT (constant number of 
atoms, constant pressure, and constant temperature) simulations were 
initially performed on each system to achieve an equilibrium density 
value of about 1.07 g/cm3.  Then, a multi-step crosslinking algorithm 
was applied to make three-dimensional network structures.34  
Polymerization involves the epoxide groups in Epon828 and the 
amine groups in Jeffamine D400 and results in a crosslinked network.  
Once a fully reacted crosslinked polymer was successfully achieved, 

DCM molecules were eliminated.  Each system was annealed 
afterwards in the NPT ensemble for 5 ns at 600 K.  Finally, each 
system was cooled with a rate of 0.2 K/ps and equilibrated for 200 ps 
every 50 K decrement until 300 K was reached.  Dijkstra’s algorithm35 
was used to find minimum contour path length for each unique pair of 
amine nitrogen atoms.  More details of the simulations are given in 
recently published work by our groups.36 

Results and discussion 

Curing.  Figure 2 shows FTIR spectra at various time-points over two 
days of curing at 70 ̊ C for a typical DCM – DGEBA/Jeffamine D400 
systems (0.5 DEA).  These data indicate completion of epoxy-amine 

reactions in the presence of dichloromethane for stoichiometric 
amounts of DGEBA to Jeffamine D400 as the epoxy, primary amine, 
and primary/secondary amine peaks at 4530 cm-1, 4925 cm-1 and 6510 
cm-1 all disappear following cure. 
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Drying.  Thermo-gravimetric data during post-cure drying are shown 
in Figure 3.  The plateau in weight-vs-time indicates the termination 
of drying.  In addition, weight loss was in good agreement with the 

initial amount of solvent used.  Nearly 99% of initial solvent was 
removed in all cases. 

 

Figure 3. Thermo-gravimetric analysis at 120 ºC for samples with 
different initial solvent amounts.  

Bulk Density.  The original RES method using supercritical 

extraction was developed to synthesize nanoporous thermosets.28  In 
the RESD approach, drying above Tg and long-time annealing is 
hypothesized to fully collapse these voids, yielding samples with the 
same density as neat-cured epoxies.  Average density values and their 
standard deviations for the dried specimens at room temperature, and 
their corresponding estimated values for T = Tg + 40 ºC are listed in 
Table 1.  Statistically invariant density values for all samples support 
the claim that the free volume fraction is comparable for unmodified 
and modified systems implying that the modified structures should 

have collapsed voids.  Furthermore, equal density values at T = Tg + 
40 ºC indicate that the hypothesized void structures remain collapsed 
in the rubbery state.  

Table 1. Averaged density values at room temperature and 40 ºC 
above Tg. 

 
ρT=23°C  
(g/cm3) 

ρT=Tg+40  
(g/cm3) 

0 DEA 1.123 ± 0.002 1.106 

0.5 DEA 1.127 ± 0.012 1.109 

0.75 DEA 1.129 ± 0.005 1.112 

1 DEA 1.129 ± 0.009 1.111 

1.5 DEA 1.126 ± 0.012 1.109 

 

 

Dynamical Mechanical Properties.  The hypothesis of polymer 
network structural differences for the resulting thermosets are 
investigated using dynamic mechanical analysis in this section. 
According to Raman et al.28 nonbonded domains form throughout a 
polymer network during step-growth polymerization in the presence 
of an inert solvent, leaving pores when the solvent is removed by 
supercritical extraction.  However, thermal drying above Tg allows the 
polymer chains to relax and the resulting voids to collapse.  The 
collapsed voids, referred to as “protovoids” in this study, do not 

provide additional free volume (as shown in the “Bulk Density” 
section).  The concept is illustrated schematically in Figure 4 – note 
that in all cases each crosslinking point has the same number of 
connections and that after drying the density of the modified system 
is the same as that of the unmodified system.  Therefore the glassy 
modulus of the modified thermosets is expected to be comparable to 
the value of the unmodified thermosets. DMA results described below 
indicate that the glassy modulus at room temperature for modified 

thermosets is comparable to that of the unmodified 0 DEA resin, 
implying that the probable structural variations do not sacrifice the 
material’s glassy modulus.  
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Figure 2. FT-NIR spectra for epoxy-amine reactions for a sample containing dichloromethane (0.5 DEA) at 70ºC.  
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Figure 5 shows of storage and loss moduli vs. temperature for the 
dried specimens.  Additionally, Table 2 contains a summary for all 
samples tested of RT glassy modulus, rubbery modulus (T = Tg + 40 
ºC), Tg obtained as the peak position of the loss modulus vs. 
temperature plots in Figure 5, and the height of the tan δ peak (not 
shown in Figure 5) .  Based on the results shown in Table 2, the glass 
transition temperature has not been affected through the use of RESD.  
Considering the fact that solvent typically reduces the glass transition 

temperature as well as Young’s modulus, invariant Tg in our samples 
indicate that any residual solvent in the dried samples is negligible.  

 

 

Table 2. DMA results: RT glassy modulus, rubbery modulus (T = Tg 
+ 40 ºC), glass transition temperature, and peak values of tan δ.  

 

 
Eg  

(GPa) 

Er 

(MPa) 

Tg  

(˚C) 

Tan δ 

peak 

0 DEA 2.30 10.71 59.9 ± 0.3 1.23 

0.5 DEA 2.16 7.15 57.7 ± 0.9 1.45 

0.75 DEA 2.35 5.92 59.2 ± 1.3 1.4 

1 DEA 2.25 5.36 59.0 ± 1.1 1.55 

1.5 DEA 2.25 5.21 58.5 ± 1.0 1.56  

Figure 4. 2D schematic network structure of a neat-cured epoxy and modified epoxy through RES and RESD. The upper 
right is when solvent is removed through supercritical extraction and lower right is when solvent removed through 

thermal drying. 
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Figure 5. Dynamic Mechanical properties of the thermal heated samples with different initial solvent content. Storage Modulus 
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of loss modulus curves. 
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Although the glassy moduli and Tg values are comparable for the dried 
unmodified and modified samples, the differences in tan δ peak and 
rubbery modulus were significant.  The difference in tan δ peak is 

shown in Figure 6, and the variation of rubbery modulus will be 
elucidated in the next section.   

The results indicate that both tan δ peak value and the area under tan 
δ is greater for modified samples.  The tangent of the phase angle δ, 
tan δ, is defined as the ratio of loss modulus over storage modulus, 
which is a measure of energy dissipation.7  It also shows the extent of 
internal friction or damping and so this quantity is a sensitive measure 
of molecular structure in a polymer network.  For two homogenous 

thermosets where the distribution of molecular weight between 
crosslinkable sites is almost uniform, the one with a loosely 
crosslinked network typically shows a higher peak value and 
subsequently a larger area under tan δ because viscous behaviour 
dominates over elastic behaviour, particularly above Tg.37, 38  A highly 
crosslinked polymer network has a reduced chain slippage, and so a 
lower tan δ peak value at elevated temperatures.39  In the current study, 
it is shown that the peak values of tan δ are higher for the modified 

samples.  It implies that either the crosslinking density is lower or 
relative chain slippage between crosslinks is higher for the modified 
samples, and thus the modified thermosets can absorb more energy 
under cyclic stress.  Since both modified and unmodified thermosets 
are fully cured with the same density, and therefore must have 
comparable crosslink densities, the observed difference in viscoelastic 
properties could be due to network topology differences.  

 

Figure 6. Tan δ vs. temperature for unmodified (0 DEA) and modified 
(1 DEA) samples.  

Topological Differences.  One important observation in this study is 
the decreasing trend in rubbery modulus when increasing the initial 
solvent-to-monomer weight ratio of the dried samples (Figure 5).   

The molecular weight between crosslinks, 𝑀𝑐 , and crosslink density, 
ν, for an amorphous polymer network above its glass transition 

temperature can be obtained using the following relations derived 
from rubber elasticity theory:39 

 𝑀𝑐 = 3
𝜌𝑅𝑇

𝐸
 (1) 

 𝜈 =
𝜌

𝑀𝑐
 (2) 

Crosslink density (𝜈) and molecular weight between crosslinks (𝑀𝑐), 

are plotted  in Figure 7 as a function of initial solvent-to monomer 
ratio using Equations 1 and 2 and density and rubbery modulus data 
obtained at T = Tg + 40 °C given in Tables 1 and 2 respectively.   

 

Figure 7. Apparent molecular weight between crosslinks and 
apparent crosslinking density vs. initial solvent-to-monomer weight 
ratio.  Samples are fully reacted and identical in composition. 

The reduced plateau rubbery modulus for modified specimens is not 
due to inadequate polymerization.  FT-NIR spectra showed that 
epoxy-amine reactions are the predominant reactions for systems with 

or without solvent.  Additionally, all show an ultimate conversion 
greater than 99% for epoxide reactive groups.  Macosko et al.40 related 
the molecular weight between crosslinkable sites to the extent of 
crosslink formations.  According to this theoretical relationship, the 
extent of reaction beyond gelation for the resulting thermosets should 
be much lower than unity to provide identical 𝑀𝑐 values 

corresponding to the ones measured for our modified samples.  This 
difference is larger than the error attributed to the conversion levels 
obtained from FT-NIR and so the extent of cure is not the reason for 
the elevated values of molecular weight between crosslinks.  

Moreover, it has been discussed that glass transition temperature is a 
sensitive measure of extent of polymerization,41-43 and any deviation 
from full cure conversion should result in a drastic decrease in the 
glass transition temperature.  From this perspective, the comparable 
Tg values indicate that the reduced rubbery plateau was not caused by 
differences in extent of polymerization.  

The topological distance between crosslinks is anticipated to be a 
parameter that differs substantially when comparing unmodified to 

modified systems.  This offers an explanation for the observed 
differences in rubbery plateau moduli that is not predicted by theory 
if the crosslink density is kept constant.  Topological distance is 
defined as the average of all distances from one crosslink point to all 
of the neighboring crosslinks when tracing the network, in contrast to 
spatial distance which is the average of all the straight distances from 
one crosslink point to all the neighboring crosslinks.  The distinction 
between spatial and topological distance is shown in Figure 8.  Note 

that for our dried systems the spatial distance between crosslinks does 
not vary because the number of crosslinks (composition) remains the 
same.  
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Figure 8. 2D schematic of an unmodified (left) and a modified (right) 
polymer network.  Green lines are the topological distances, red 
arrows are the spatial distances and dots are crosslink points.  
Modified network structure has collapsed voids with identical 
intermolecular packing to the unmodified structure.  

Considering an unmodified system, it is believed that the average 

topological distance from one crosslink point to all the neighboring 
crosslinks is comparable (although larger) to the average spatial 
distance.  However, for a modified system, average topological 
distance is greater than the corresponding spatial distance.  This 
concept is also illustrated in Figure 8.  From statistical 
thermodynamics, the number of chain conformations and 
subsequently entropy will be higher for the modified systems 
assuming that the entropic term is governed by topological distance 

rather than end-to-end distance.  Since retractive force and 
subsequently retractive stress of a polymer network in rubbery state is 
inversely proportional to the entropy of the system, the resulting 
rubbery modulus is reduced for modified systems.  This could lead to 
observed apparent elevated molecular weight between crosslinks for 
the modified systems. 

Swelling.  Results of swelling experiments confirm that significant 
topological differences are introduced by curing the epoxy-amine 

systems in the presence of an inert solvent.  Dried samples were 
soaked in dichloromethane at room temperature for a period of time 
sufficient to attain equilibrium.  The observed equilibrium solvent 
mass uptake for the 0 DEA, 0.5 DEA, and 0.75 DEA samples was 
111%, 150%, and 170% respectively.  Thus equilibrium swelling 
increases with increasing solvent content used to prepare the samples.  
Since all the thermosetting systems are fully crosslinked, and 
chemically the same, the equilibrium mass uptake enhancement is a 
result of altered polymer network topology.  

Minimum Topological Contour Lengths from All-Atom 
Simulations.  So far, the hypothesis was that, presence of DCM 
should alter the topology of a crosslinked polymer network, since 
DCM molecules must restrict local directions in which crosslink 
bonds can form.  It was also hypothesized that the topological distance 
is distinguishable between the two network structures.  In order to 
investigate this question, the minimum contour path from every 
nitrogen atom to every other for each simulated crosslinked sample 

was measured using all-atom MD simulations.  The average minimum 
inter-nitrogen contour path for each system is shown in Figure 9.  Here 
a clear signature of the effect of including DCM during cure is 
observed, in that the minimum contour path distributions shift to 
larger path lengths as the during-cure DCM concentration increases.  
The effect is strongly pronounced at the largest path lengths.  The 
results of a more detailed study by our groups have recently been 
published.36 

 

 

Figure 9. Average minimum inter-nitrogen contour length as function 
of the initial amount of DCM from all-atom MD simulations. 

The trend in minimum contour length with solvent content mimics 
that of the tan δ peaks and apparent molecular weight between 
crosslinks.  Clearly the all-atom structures reflect the influence of 

solvent on the network topologies.  This result is significant because 
the minimum contour path between any two points represents the 
largest Euclidean distance to which those points can be separated in 
straining the system before covalent bonds must yield.  Therefore it is 
hypothesized that minimum contour paths between points in a 
network could influence large-scale material properties, such as 
toughness, that depend less on intermolecular packing and more on 
sacrificing covalent bonds.  That we see twin correlations (a) between 
RESD solvent content and toughness and (b) between RESD solvent 

content and longer minimum contour paths justifies ongoing work in 
our labs to establish links between network topology and material 
properties.  

Quasi-Static Tension.  As shown, RESD does not sacrifice the glass 
transition temperature and glassy modulus of the cured thermosets.  It 
was also discussed that the modified samples contain structural 
features in the form of collapsed voids.  According to Mukherji et al.8 
expansion and growth of these protovoids without bond breaking is 

the microscopic origin of strain hardening in a glassy polymer which 
yields a more ductile material.  To investigate this hypothesis, 
mechanical response of each of the materials to uniaxial tensile and 
compressive loading was captured.  

Uniaxial stress-strain curves for the unmodified and modified tensile 
coupons were recorded for at least five identical specimens for each 
data point.  A very large plastic deformation for the modified samples 
was observed, as shown in Figure 10.  Although necking starts for 

both types of specimens at strain values of around 10%, modified 
samples also exhibited extensive drawing.  The drawing is a result of 
the local stress rising sufficiently during necking so that it is sufficient 
to stretch material at the edge of the neck increasing the size of the 
necked region.  It is interesting to note that the behaviour exhibited by 
the 1.5 DEA sample in Figure 10 is similar to that observed for 
semicrystalline thermoplastics where the ability to sustain drawing is 
a result of large changes in microstructure with significant strain 

hardening.  Note that engineering stress and strain was used in 
reporting these data as this is the most common way of reporting such 
data. Furthermore, simple conversion to real stress strain does not 
provide additional insight since the necking results in an 
inhomogeneous distribution of strains and stresses along the length of 
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the sample.  Nevertheless it is important to realize that the stress in the 
necked region is significantly higher than shown by the stress-strain 
plots in Figure 10.   

 

Figure 10. Engineering stress-strain curve for unmodified, 0 DEA, 
(solid black line) and modified, 1.5 DEA, (red dashed-line) samples 
in tensile mode. 

It is suggested that this remarkable improvement in ductility, or 
toughness, is primarily due to the topological differences between 
unmodified and modified polymer networks as discussed.  Opening of 

protovoids without bond breaking would enable the thermoset to 
plastically elongate under tensile deformations as illustrated 
schematically in Figure 11.  Also contained in Figure 11 are SEM 
images of the fracture surfaces of 0 DEA (a) and 1.5 DEA (b) samples.  
The modified sample fracture surfaces clearly show nano scale 
cavities not present in the unmodified systems.  

 

 

Evidence of stress relaxation was observed in the necked region after 

testing.  In a separate study, drawn samples were annealed at room 
temperature, and above Tg (= 60 ˚C).  Samples annealed at room 
temperature deformed slightly, whereas the samples annealed above 
Tg recovered their original shape.  The shape recovering capacity of 
highly elongated samples suggest that covalent bond rupture was not 
prevalent during tensile deformation. This suggests that the improved 
ductility of the modified samples arises from enhanced molecular 
mobility associated with the disruption of weak interactions at the 

interfaces of the protovoids. 

Average values of toughness and failure strain are shown for each 
batch of samples in Figure 12.  In this study, toughness refers to the 
total area under stress-strain curve to the point of fracture, and it is a 
measure of ductility.  In addition, failure strain is defined as the strain 
value at which the sample breaks.  As can be seen in Figure 12, 
toughness increased with initial DCM content up to a solvent-to-
monomer weight ratio of 0.75, beyond which no further increase is 

observed.  The trend of failure strain was similar to that of toughness.  
Generally, thermoset toughness can be increased by using more 
flexible crosslinkers, but more flexible crosslinkers generally means 
lower Tg’s.9  We use relatively flexible Jeffamine crosslinkers, but 
across our values of solvent-to-monomer initial weight ratios, Tg is 
essentially invariant while ductility is greatly enhanced.  This 
demonstrates that the toughening effect due to the expansion of 
protovoids does not sacrifice Tg.  In addition, Young’s modulus (E) 
and tensile strength at yield (σy) are listed in Table 3.  The results show 

no significant statistical differences between unmodified and 
modified samples, demonstrating that the enhancement in ductility is 

Figure 11. RT-fracture surface of unmodified (a) and modified (b) structures.  Scale bars are 1 µm in size.  The schematic is representative of 
network deformations and bond reorientations during protovoid growth under tensile stress.  Some of the holes are pointed with circles in the 
modified (b) structures. 
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obtained also without sacrificing Young’s modulus and tensile 
strength. 

Table 3. Tensile properties (engineering) under uniaxial tensile load 
at room temperature.  

 
 

E (GPa) σy (MPa) 

0 DEA 2.4 ± 0.2 34.6 ± 2.2 

0.5 DEA 2.2 ± 0.2 32.0 ± 2.6 

0.75 DEA 2.3 ± 0.1 38.9 ± 0.6 

1 DEA 2.2 ± 0.1 35.7 ± 1.9 

1.5 DEA 2.4 ± 0.1 31.9 ± 2.3 

 

 

Void Size and Density.  Raman et al.22 showed that in the RES 
technique using supercritical drying, average pores size of a 
nanoporous polymer network can be tailored through the initial 

solvent-to-monomer weight ratio.  This suggests that the sizes of the 
protovoids generated using RESD would also increase with increasing 
solvent content and that the size might also be linked to improvement 
in ductility of the modified thermosets.  Assuming that the features 
observed in the fracture surfaces of modified systems are indeed 
related to the size of the collapsed voids, protovoid size was 
investigated by quantitatively analysing SEM micrographs of such 
surfaces.  An image processing tool, ImageJ, was utilized to determine 

the average pore size and surface density.  Figure 13 shows estimates 
of void diameters for samples from each batch.  The error bars 
associated with each mean is the standard deviation obtained from at 
least three images at different surface locations.  We observe that the 
average void diameter for the relatively circular features, with 
circularity of 0.3-1, is roughly 20-22 nm.  According to Raman et al.22, 
the average pores size of the nanoporous thermosetting networks 
obtained from 0.5 and 0.75 solvent-to-monomer weight ratios in RES 
was 2.4 and 3.2 nm.  The features observed in our work are 

significantly larger perhaps because of deformation induced by 
loading. 

 

Figure 13. Average pore diameter on the fractured surface vs. initial 
solvent-to-monomer weight ratio. 

The question arises as to whether the observed voids were present 
before failure.  The following discussion serves to answer this 
question.  The surface area fraction occupied by voids was obtained 

from the images of modified and unmodified systems.  These data are 
reported in Figure 14.  For the modified samples broken at ambient 
temperature void area fractions were not substantially different 
ranging between 0.5 and 1.2%.  If it is assumed that these voids were 
present before mechanical testing, the area void fractions to calculate 
density values using the equation below, 

 𝜌2 = (1 − 𝛼) ∗  𝜌1 (3) 

where 𝜌2 is predicted density, 𝜌1is the unmodified epoxy density, and 

𝛼 is void-covered area fraction which was measured through image 

processing of the micrographs.  For instance, 1.5 DEA was found to 
have an average 𝛼 value of 1.05% from fracture surface micrographs.  

This yields a predicted density of approximately 1.114 g/cm3.  This 
value is significantly below the average density of the material prior 
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Figure 12. Average toughness (left) and failure strain (right) values for each sample under uniaxial tensile load.  Error bars indicate 
the distribution around statistical averages. 
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to tensile deformation.  Thus this supports the hypothesis that voids 
are not pre-existent but a result of protovoid opening and deformation 
during fracture.  

In order to further test this hypothesis, 1.5 solvent-to-monomer weight 
ratio samples were fractured at liquid nitrogen temperature.  This time 
very few voids were observed using SEM as shown in Figure 15 in 
which images of cold-fracture and RT-fracture surface morphology 
for two identical samples are presented.  The quantitative 
measurement of void surface coverage is given in Figure 14 (1.5 
DEA-FF) and strongly supports that freeze fractured  morphology of 
the 1.5 DEA sample resembles the RT fracture surface morphology of 

0 DEA samples and not that of the 1.5 DEA RT fracture surface (as 
shown by arrows in Figure 14).  The reduced number of visible voids 
in cold-fracture surface could be due to the speed of crack propagation 
in cold environments.  Experimental studies showed that for 
viscoelastic materials, a crack propagates faster in a colder 
environment leading to a reduced value of critical stress intensity 
factor (K1c).7, 44  Therefore, in colder fracture, the protovoids do not 
have sufficient time to expand in response to tensile deformation, so 

fewer holes will be observed on cold-fracture surface micrographs.  
These results support the conclusion that the observed pores are a 
result of the fracture event. 

 

Figure 14. Average surface area covered by voids for RT-fracture 
surfaces (0 DEA, 0.5 DEA, 0.75 DEA, 1 DEA and 1.5 DEA) and 
freeze-fracture surfaces (1.5 DEA-FF). 

 

Figure 15. Surface morphology of the modified sample, 1.5 DEA. 
Freeze-fracture (a) and RT-fracture surface (b). Scale bars are both 1 
µm lengthwise.  Some of the holes are pointed with circles in the 
modified (b) structures. 

Compressive Properties.  The use of data from compression testing 
is sometimes preferred because phenomena such as crazing and 

necking are suppressed.45  Therefore, to better understand the effect 
of the protovoids on compressive behaviour of the modified 
thermosets, the response of those materials to uniaxial compressive 
load was investigated.  In this case true stress-strain values were 
utilized instead of the engineering convention, since the dimensions 
of the samples greatly vary during the test.  True stress-strain values 
were evaluated from the engineering stress-strain based on the 
following equations:46 

 𝜎𝑡 = 𝜎𝑒(1 + 𝜀𝑒) = 𝜎𝑒𝜆 (4) 

 𝜀𝑡 = 𝑙𝑛(1 + 𝜀𝑒) = 𝑙𝑛𝜆 (5) 

Here, 𝜆 is the extension ratio which is defined by 𝜆 = 𝐿 𝐿0⁄ , 𝜎𝑡  and 𝜀𝑡  

are the true stress and true strain, respectively, and 𝜎𝑒 and 𝜀𝑒 are the 

corresponding engineering values.  True stress vs. (1-λ) for a typical 

unmodified sample, 0 DEA, and a modified, 1.5 DEA, are shown in 
Figure 16.  
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Figure 16. True stress vs. (1-λ) for unmodified, 0 DEA, (solid black 
line) and modified, 1.5 DEA, (red dashed line) in compressive mode.  

Values of compressive modulus (E), yield strength (σy), and 

compressive strength (σr) based on true stress and strain are listed in 
Table 4.  Results show no significant statistical differences of 
compressive moduli, compressive strength and compressive yield 
strength as a function of sample type.  This suggests that induced 
protovoids do not sacrifice the load bearing capacity of the network 
structures.  Also shown in Table 4 are is the engineering failure strain 
(εr) and plastic deformation (εr- εy) for the series of samples showing 
that unmodified systems possess significantly lower failure strain and 

plastic deformation capacity.  Thus the modified systems absorb 
significantly more energy before failure in a manner consistent with 
the observations obtained from tensile experiments.   

Table 4. Compressive properties of 0, 0.5, 0.75, 1 and 1.5 DEA 
samples.  

 
E  

(GPa) 

σy  

(MPa) 

σr  

(MPa) 

εr  

(%) 

εr – εy  

(%) 

0 DEA 1.6 ± 0.1 48.7 ± 3.8 138.9 ± 13.1 70.3 ± 2.1 62.9 ± 1.4 

0.5 DEA 1.6 ± 0.2 48.9 ± 5.3 141.9 ± 20.1 79.4 ± 3.5 70.3 ± 3.5 

0.75 DEA 2.0 ± 0.3 58.6 ± 4.9 185.5 ± 51.1 84.4 ± 3.7 76.4 ± 1.5 

1 DEA 1.7 ± 0.2 46.4 ± 6.0 160.7 ± 25.0 85.4 ± 3.4 77.1 ± 2.4 

1.5 DEA 2.1 ± 0.2 54.5 ± 6.7 175.0 ± 80.2 86.2 ± 5.4 79.7 ± 4.3 

 

 

Conclusions 

More ductile crosslinked thermosets are obtained by applying 

a novel processing technique termed reactive encapsulation of 

solvent/drying, or RESD.  SEM images from the fracture 

surfaces showed clear voids on the modified samples whereas 

prior to tension, all modified samples had the same density, T g, 

Young’s modulus of the unmodified epoxy.  Modified samples 

also had the same ultimate tensile strength but much higher 

ductility compared to the unmodified epoxy.  It was shown 

using all-atom simulations that during-cure solvent species 

alter the polymer network topology.  The presence of distinct 

topological features in the modified network is likely the origin 

of the large improvement in ductility.  Topology-based 

toughening is potentially an important step toward developing 

better high performance network polymers and composites. 

Unlike other toughening methods, critical mechanical and 

thermal properties such as Young’s modulus, ultimate tensile 

strength and glass transition temperature are not sacrificed.  
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ToC description: 

A new toughening mechanism for thermosetting polymers is shown.  The technique involves manipulation of polymer network topol ogy 

allowing the glassy material to deform under loading without rupturing covalent bonds.  
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