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a b s t r a c t

Primary recycling of thermosetting polymers is shown to be enabled by depolymerizing the material in a
suitable organic solvent and then re-polymerizing it into near-identical networks with equivalent me-
chanical properties. The re-polymerization process involves sophisticated coupling among solvent
diffusion, chemical reaction, and stress field development. Specifically, solvent evaporation leads to
restrained volume shrinkage of the resin and residual stress development within the re-polymerized
materials. Nonuniform curing degree and material properties are also developed in the direction of
solvent diffusion. These impose grand challenges to identify the optimal processing conditions to recycle
thermosets with high quality and high speed. In this paper, using an integrated experimental and
theoretical approach, the evolutions of the stress field and material properties during the re-
polymerization of thermosetting polymers are studied. It shows how to tune the processing tempera-
ture to mitigate the residual stress and material inhomogeneity of recycled thermosets. The influencing
mechanisms of sample thickness and catalyst content are also revealed. The fundamental understanding
is finally extended to study the manufacturing of composites with particle reinforcements using the
depolymerized solution, with a particular emphasis on the minimization of the stress concentration
around particles. Overall, this study provides a guideline to design material and processing conditions for
homogeneous network structure and mechanical properties of recycled thermosets, which will promote
the applications of the green recycling method for thermoset wastes and benefit society.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Thermosetting polymers are covalently cross-linked networks
with excellent mechanical strength, thermal stability, and chemical
resistance [1]. They are irreplaceable in many high-performance
engineering applications such as ground transportation and aero-
space engineering. However, due to their permanently cross-linked
networks, they are extremely hard to reprocess and recycle using
conventional methods, leading to ever-increasing contaminations
in the waterways, wildlife, and human bodies.

A wide variety of processing techniques have been developed to
reuse or recycle thermoset wastes. For example, mechanical
recycling [2e7] involves shredding or milling of the scraps into
powder to be reused as additives in other applications. Thermo-
chemical recycling methods, such as pyrolysis and solvolysis
[8e14], use high temperature, pressure, or supercritical chemicals
to decompose the network. They can be applied to reclaim valuable
reinforcements (e.g., carbon fiber) in the thermoset matrix, but the
harsh processing conditions are inconvenient to handle and
economically unfavorable for industrial applications. In addition,
the decomposition products are a complicated mixture of gaseous,
liquid, and solid chemicals, which are hard to be reused and may
become secondary contamination.

Benefited from the recent development of dynamic chemistry,
innovative recycling methods using organic reactive solvents have
been developed, wherein the solvent molecules diffuse into the
network and break the polymer chains at target covalent bonds.
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With sufficient solvent provided, the network will be gradually
degraded into oligomer liquid. As a notable example, Wang et al.
[15] showed that an amine-cured epoxy, which is widely used in
aerospace engineering, could be decomposed in AlCl3/acetic acid
solution at 180 �C. Some commercial curing agents are designed to
recycle thermosets in a similar principle. Connora Tech. Inc. (Hay-
ward, CA) commercialized a dynamic epoxy cross-linker, Recycla-
mine®, which enables the network to depolymerize in acetic acid
at 80 �C [16] due to the selective cleavage of cross-linking sites.
Since the main skeleton of the polymer chain is preserved, the
depolymerized oligomer can be reused as thermoplastics or cross-
linked with other monomers. A comprehensive review of the
recycling methods based on dynamic bonds can be found by Ma
et al. [17].

Depending on the employed dynamic chemistry, the decom-
position process can be fully reversible, namely, the cleaved bonds
can be reconnected to enable the primary recycling of thermosets.
One prominent example is to utilize the bond exchange reactions
(BERs) [18e29]. For example, Yu and coworkers demonstrated that
a thermosetting epoxy with transesterification BERs can be depo-
lymerized in ethylene glycol (EG) due to the BERs between ester
bonds on the chain backbone and EG molecules [30e36]. The
depolymerization product can be re-polymerized into a new
polymer with near-identical mechanical properties as unprocessed
polymers. Similarly, thermosets with dynamic disulfide bonds were
shown to be recycled using thiol-containing solvents [36,37].
Thermosetting polyimine with dynamic imine BERs were shown to
be recycled using diamine solvents [38e43]. In general, the solvent-
assisted recycling of thermosets involves simple heating in a proper
organic solvent to realize primary recycling at mild processing
conditions. It shows great potential to ease environmental and
economic concerns associated with the traditional disposal tech-
niques and meet the pressing demand for polymer recycling.

To promote the immediate applications of the recycling method
and benefit society, a complete understanding of the materi-
aleprocesseproperty relationship is required. For example, how do
the material properties evolve during the recycling, and how do
they relate to the temperature and other processing parameters?
Answer to these questions can assist the design of optimal pro-
cessing conditions to improve the quality of recycled thermosets, as
well as to reduce the processing cost and environmental burden. In
our recent work [44], a multiscale chemomechanics modeling
framework was developed that directly links the microscale
network structure to the macroscale material properties. At the
macromolecular level, the chemical reaction rates were formulated
to determine the average chain segment length and network de-
gree of curing (DoC). The evolution rule of DoC was then fed into
the continuum-level mechanics model to effectively capture the
evolution of thermoset thermomechanical properties during the
re-polymerization.

To gain a fundamental understanding of the recycling method,
the previous work [44] focused on the re-polymerization process of
thin-film thermosets, wherein the distribution of solvent molecules
and material properties were relatively uniform. The re-
polymerization process was also assumed to be in a free-standing
state without stress. However, these are the ideal processing con-
ditions that cannot be met in practical applications of the recycling
method. First, due to the restrained volume shrinkage of polymer
resins in a mold, the solvent evaporation will lead to notable re-
sidual stress development. This could a major concern when pre-
paring composite materials using the depolymerized polymer
solution, which may lead to the shape distortion or material failure
of the recycled thermosets. Second, re-polymerization of the ther-
moset starts from the surface as the solvent evaporates. Nonuni-
form solvent content, conversion of functional groups, and network
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structure will be developed in the thickness direction. This imposes
challenges to identify the optimal processing temperature for
recycling. For example, a higher temperature will lead to a stiff film
quickly formed on the solution surface, but it will suppress the
solvent evaporation, and consequently the re-polymerization of
materials beneath it. While a lower temperature leads to relatively
uniformmaterial properties evolution, the trade-off will be the low
reaction rate and recycling speed. These phenomena deserve
rigorous study before the recycling techniques can be widely
adopted in practical applications.

In this paper, the evolution of residual stress and distribution of
material properties during the re-polymerization of bulk thermosets
are studied. An epoxy-based thermosetting polymer is used as the
material platform. The influences of heating temperature are
experimentally investigated. A diffusionereactionekinetic modeling
framework is then developed to capture the experimental observa-
tion and assist the discussion. With the solventeevaporation
boundary condition, the transportation of solvent molecule and the
distribution of DoC along the sample thickness direction is formu-
lated, which determines the evolution of network residual stress and
mechanical properties using a continuum-level mechanics model. It
is applied to perform parametric studies to examine the influences of
BER catalyst content, material thickness, and curing temperature on
the re-polymerization speed. Finally, the evolution of residual stress
during the composite manufacturing with particle reinforcements is
investigated. The presented study advances the understanding of the
structuraleprocessingeproperty relationships during the recycling
of thermosets and their composites. It also reveals the influencing
mechanisms of various material and processing conditions, which
provides a guideline to designmaterial and processing conditions for
homogeneous network structure and mechanical properties of
recycled thermosets.
2. Materials and methods

2.1. Material synthesis

The epoxy sample used in this study is an epoxy-based ther-
moset developed by Leibler and coworkers [45], which can perform
transesterification BERs at high temperatures (e.g., >120 �C). They
were synthesized from a mixture of dimers and trimers of fatty
acids (Pripol 1040, Croda, Houston, TX), monomers diglycidyl ether
of bisphenol A (DGEBA, Sigma Aldrich, St. Louis, MO), and a metal
catalyst Zn (Ac)2 for transesterification BERs (Sigma Aldrich).
Detailed chemical structures of each reagent are shown in Fig. 1.

During the polymer synthesis, the catalyst was first mixed with
the fatty acid (10 mol% to COOH groups) in a round-bottom beaker.
The temperature was gradually increased from 100 �C to 150 �C
while maintaining the mixture under vacuum. After being heated
for ~3 h, no gas evaporationwas observed, and the catalyst particles
were completely decomposed, suggesting that the fatty acids fully
replaced the acetates as ligands of Zn. Subsequently, the monomer
DGEBA was added to the mixture, wherein the stoichiometry ratio
between COOH and epoxy was 1:1. The mixture was manually
stirred until homogeneous. Finally, the mixture was poured into a
mold. The network was fully polymerized after heating in an oven
for 6 h at 160 �C.
2.2. Preparation of the depolymerized polymer solution

The synthesized epoxy network contains ester bonds on the
chain backbone and catalyst for transesterification BERs. When the
sample is immersed in the EG solvent, the hydroxyl groups of the
diffused solvent molecules will participate in BERs with the ester



Fig. 1. Chemical structures of the chemical reagents used in this study.
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bonds and break the chains on the backbone (Fig. 2), which even-
tually depolymerize the network into a liquid oligomer.

The as-fabricated epoxy samples were immersed in EG solvent
at 180 �C for network decomposition. An excessive amount of sol-
vent was used to make sure the network was fully depolymerized
into soluble chain segments. The volume ratio between the poly-
mer and solvent was 0.6:1. The depolymerization speed depended
on the temperature. For example, a 5 cm cubic sample was shown
to be fully depolymerized after being heated at 180 �C for ~6 h.
During the heating, the container was sealed to avoid solvent
evaporation. After the sample was fully decomposed, there are
unreacted solventmolecules in themixture. Since themole amount
of reacted EG molecules equaled to the ester bonds on the chain
backbone, the amount of unreacted EF molecules in the mixture
was known.

For the re-polymerization, the depolymerized polymer solution
was poured into a mold and placed in an oven for heating in an
open environment. The sample thickness changed for different
types of tests, which will be introduced in the following sections.
During the heating, the network gradually polymerized as the
solvent evaporated out of the system (Fig. 2). The heating time and
temperature were varied during the tests to examine their
influences.

2.3. Residual stress measurements during the re-polymerization

Volume-shrinkage-induced residual stress is a major concern
during the fabrication of thermosets and their composites. When
preparing thermosets in a confined environment using the
decomposed polymer solution, the residual stress development
Fig. 2. Schematic representation of the cleavage and reconnection of polym
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could be notable due to the significant volume shrinkage resulted
from the evaporation of solvent molecules.

To characterize the development of residual stress in the re-
polymerizing network, the polymer solution was poured into a
mold with 1.5 mm thickness and was heated at 180 �C in an open
environment. After being heated for 50 min, the sample passed the
gelation point and could carry the load. The sample thickness at this
point was approximately 0.8 mm. The samples were then trans-
ferred to the dynamic mechanical analysis (DMA, Model Q800, TA
Instruments, New Castle, DE, USA), wherein the length was fixed
during the isothermal heating process at different temperatures.
The stress increment of the network due to volume shrinkage was
recorded.

2.4. Measurements of solvent diffusivity with different epoxy curing
degree

The re-polymerization of bulk epoxy sample is a dif-
fusionereactionemechanics problem, wherein the network curing
starts from the sample surface, and the solvent molecules diffuse
toward the top curing layers. Therefore, it is important to determine
the solvent diffusivity within epoxy networks with different curing
degrees.

To prepare the epoxy samples, the precursor resin containing
DGEBA, fatty acid, and catalyst (as described in Section 2.1) was
poured into a mold with a thickness of 1.5 mm. After heating the
resin at 130 �C for different times, the samples were taken out and
subject to DMA (Model Q800, TA Instruments, New Castle, DE, USA)
to determine the network glass transition temperature (Tg). The
tests were performed at a frequency of 1 Hz, and the temperature
er chains during the network depolymerization and re-polymerization.
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was increased from -30 �C to 100 �C at a rate of 2 �C/min. As will be
introduced in the ConstitutiveModeling section, the network Tg can
be directly scaled to the curing degree. A higher Tg suggests a higher
DoC value and network cross-linking density.

The epoxy samples with different curing degrees were then
subject to swelling tests to identify the diffusivity of EG solvent.
The samples were cut into the identical dimension (10 mm
� 10 mm � 1.5 mm) and immersed in 10 g EG solvent in a flask at
100 �C. Not BER catalyst was added into the solvent, so the samples
kept swelling without depolymerization. The mass increment of
the samples was recorded to calculate the solvent diffusivity.
2.5. Thermomechanical properties of the nonuniform re-
polymerizing network

To characterize the nonuniform material properties during the
re-polymerization of bulk epoxy, the depolymerized polymer so-
lution described in Section 2.2 was poured into a mold with a
20 mm depth. After being heated at a specific temperature for a
given time, the sample was taken out and sliced into layers parallel
to the thickness direction of the sample, as shown in Fig. 3. It is
important to note that, during the re-polymerization, the sample
thickness decreased notably with the solvent evaporation. After the
network was fully polymerized, the thickness was reduced to
~7 mm. However, when the sample was sliced, the thickness of
each layer was set to be ~1.5 mm in all cases, which was small
enough to assume relatively uniform material properties in each
layer. The sliced samples were then subject to DMA tests to
examine their thermomechanical properties, including the storage
modulus and network Tg. During the DMA experiments, the sam-
ples were first stabilized at -30 �C for 10 min to reach the thermal
equilibrium. Then, the strain oscillated at a frequency of 1 Hz and
the temperature was increased from -30 �C to 100 �C at a rate of
2 �C/min.
3. Constitutive modeling

3.1. Overview of the modeling framework

The overall modeling framework is shown in Fig. 4. The re-
polymerization of bulk epoxy sample is taken to be a 1D dif-
fusionereactionemechanics problem with solvent evaporation
boundary condition applied on the top surface (x¼ 0), which drives
the diffusion of solvent molecules in the vertical direction of the
system. With the decreasing amount of solvent molecules, the
equilibrium of the reversible reactions in Fig. 2 will shift toward the
direction of chain connection, which increases the network curing
degree. From the bottom to the surface of the system, the network
Fig. 3. Schematic illustration of the layering of bulk materials.
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has a decreasing solvent content and an increasing curing degree.
For a specific layer at x, the chain cleavage and reconnection rates
depend on the content of solvent molecules, as well as the content
and length distribution of chain segments. These quantities deter-
mine the DoC of the local network, which further scales to the
network volume shrinkage, amplitude of residual stress, and ther-
momechanical properties.

For the solventeevaporation boundary condition, an exponen-
tial equation is adopted to describe the relationship between the
evaporation rate r0 (mass loss per second and unit area) and tem-
perature T:

r0 ¼ a1 expða2TÞ; (1)

where a1 and a2 are two fitting parameters determined by experi-
mental data.

The transportation of solvent within the system is assumed to
follow Fick's second law. The mole content of solvent molecule Ceg
(x,t) is formulated by:

vCegðx; tÞ
vt

¼Dsðx; tÞ v
2Cegðx; tÞ

vx2
þ kðx; tÞ; (2)

where Ds denotes the solvent diffusivity, and k denotes the
changing rate due to the transesterification BERs. Both parame-
ters depend on the network curing degree (i.e., cross-linking
density) and thus are functions of layer position and heating time.
The temperature dependence of Ds follows the Arrhenius law. Ac-
cording to Krongauz et al. [46], the solvent diffusivity is scaled with
the network cross-linking density by an exponential relationship.
With these considerations, the Ds is formulated as

Ds¼Ds0 exp½að1� Pðx; tÞÞ�; (3a)

where

Ds0 ¼D0 exp
�
� Ea
RðT þ 273Þ

�
: (3b)

In the above equation, a is a scaling factor determined by
experimental data. P (x,t) is the DoC (0�P � 1), which depends on
the reaction kinetics and will be introduced in detail in the
following section. Ds0 represents the temperature dependency of
Ds, with D0 being a reference diffusivity, Ea being the energy barrier,
and R being the gas constant.

According to the previous work [44], the network equilibrium
modulus (Eeq), which scales to the network curing degree, follows:

Eeqðx; tÞ¼ E∞P6bðx; tÞ; (4)

where b is a correlation exponent, and E∞ is the equilibrium
modulus of a fully cured network.

The network transition temperature is another important indi-
cator of the extent of curing. Following the previous work by Gan
et al. [47], the Tg evolution during the re-polymerization is
formulated using the empirical Dibenedetto equation [48,49]:

Tg ¼ Er

R ln
h
g1ð1� PÞx þ g2

i; (5)

where Er is the activation energy of transition from the glassy to the
rubbery state, R is the gas constant, and x is the parameter for ac-
counting the effects of chain entanglement. g1 and g2 are two
material constants.



Fig. 4. Overview of the modeling framework for the diffusionereactionemechanics problem.
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3.2. Microscale reaction kinetics and degree of curing

The network curing degree, P (x,t), can be formulated by
considering the microscale reactions of chain cleavage and
connection. At a specific position of curing layer, x, the rates of chain
connection (k1) and cleavage (k2) during the re-polymerization are
formulated based on the diffusivity of solvent molecules and chain
segments as well as their contents and average distance.

For the chain connection, the chain segments first diffuse
toward another reactive site and then connect via BER. The reaction
rate k1 (mol/s) for the chain connection (k1) can be written as:

k1 ¼ðNAt1 þ NAtBERÞ�1; (6a)

where NA is the Avogadro's number (6.02 � 1023 mol�1), and t1 is
the traveling time of a segment with i monomers to meet
another reactive site at segment tails. Following our previous work,
t1 ¼ tiðCrNAb3Þ�4=3, with ti being the Rouse time of the segment i
monomers, Cr being the concentration of exchangeable bonds at the
segment tails at a continuumpoint, and b being themonomer length.
tBER is average time spent on aBER. tBER ¼ t0 BERexpðEab =RTÞ, with Eab
being the BER energy barrier, and t0 BER being a time constant.

For the chain cleavagereaction, the solventmoleculesfirst diffuse
towardanesterbondonthechainbackboneandthenbreakthechain
via BER. The reaction rate k1 (mol/s) for the chain can be written as:

k2 ¼ðNAt2 þ NAtBERÞ�1; (6b)

where t2 is the traveling time of the solvent molecule. t2 ¼ Cr2D
2
=

Ds, with Cr2D being the average distance between an ester and sol-
vent molecule. According to the theory of mean inter-particle dis-
tance, Cr2D ¼ 1

3G
�1
3

�
a, where G is the gamma function. a ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4NApCeq=33
p

is the WignereSeitz radius.
The rate constants are then used in first-order reaction equa-

tions to formulate the content and length distribution of chain
segments during the re-polymerization. During the re-
polymerization, there are four types of BERs that will change the
content of the segment with i monomers (i.e., Ci). As illustrated in
Fig. S1 (Supplementary Materials), the four reactions are as follows:
(a) a segment with i monomers reacts with an EG molecule and
5

breaks into two shorter segments; (b) a segment with i monomers
reacts with another chain segment to form a longer chain segment
and generate a new EG molecule; (c) two short chain segments
react to form a segment with i monomers and generate a new EG
molecule; (d) a long chain segment react with an EG to form a
segment with i monomers and another chain segment. At time t of
re-polymerization, the changing rate of Ci is the summation of the
reaction rates of the four reactions:

_Ci ¼�k2Ci|fflffl{zfflffl}
rai

�k1Ci|fflffl{zfflffl}
rbi

þ k1
Xi�1

j¼1

Cj Ci�j

,X
m

Cm rci

� 
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

þk2
X
j¼iþ1

Cj 2= j� 1Þ rdi
:

�		
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

(7)

Solving the above differential equations will determine the
content and length distribution of chain segments, as well as the
content of solvent molecules. The DoC is defined to be the amount
of ester groups on the segment backbone,

P
i¼2

ði � 1ÞCiðtÞ, normal-

ized by its final value in the fully polymerized network:

PðtÞ¼N
P

i¼2ði� 1ÞCiðtÞ
ðN � 1ÞC1ðt ¼ 0Þ : (8)

The reaction rates of four possible reactions in Fig. S1 also
determine the changing rate of solvent content (Ceq) at a material
point mentioned in Eq. (2):

kðx; tÞ¼
X
i¼1

	
rai � rbi þ rci � rdi

�
; (9)

3.3. Network residual stress development and thermomechanical
properties

The development of residual stress is formulated by considering
the restrained volume shrinkage during the network re-
polymerization. Following the previous work [50], the volume
shrinkage of the curing network in the free-standing state



Fig. 5. (a) The Tg of epoxy during the re-polymerization. (b)The evolution of curing degree with Tg during re-polymerization. (c) The mass increment of epoxy with different Tg
during swelling test. (d) The diffusivity of solvent in the epoxy network at different curing degree.
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is assumed to be in a linear relationship with DoC, namely L ¼
ðV0 � VÞ=ðV0Þ ¼ cP, with c being a fitting parameter. The stretch
ratio of the thermal component is written as: lT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� cP3
p

. With a
restrained volume shrinkage condition, stress will be developed
within the network during the re-polymerization. However, the
evolution of material properties should be considered during the
formulation of stress evolution. First, after the network passing the
gelation point, the increase of chain segment length leads to a
continuous increment in the network cross-linking density and
equilibrium modulus Eeq. Second, the new network fractions start
to carry loads after they are born at different stages of the re-
polymerization process. They have different reference configura-
tions. Therefore, the residual stress, sr, evolves with the equilibrium
modulus in a timeeconvolution manner:

sr ¼
ðt
0

_EeqðsÞln½lT ðt� sÞ�ds (10)

4. Results and discussions

4.1. Material parameters identification

All the material parameters can be determined by standard
polymer tests. For example, in our previous work [44], the
6

parameters of solvent evaporation rate (Eq. (1)) were determined
by measuring the mass loss of pure EG solvent at different tem-
peratures. The network cross-linking density of the cured epoxy
sample was determined by the network equilibrium modulus
(3.2 MPa) obtained from the DMA tests. The density of the me-
chanically effective chains was determined to be 327.7 mol/m3

based on its relationship with equilibrium modulus and the
Boltzmann constant. If we assume the functionality of the cross-
linker is four, the network cross-linking density can be estimated to
be 163.8 mol/m3. To determine the diffusivity parameters in Eq.
(3b), epoxy samples without the BER catalyst were soaked in the EG
solvent at different temperatures. At times, their weight was
measured to determine the solvent diffusivity. Note that since the
sample mass was tracked during the swelling measurements, the
amount of solvent diffused into the network-free volume before
notable volume expansion was accounted for during the diffusivity
characterization.

By measuring the glass transition behaviors of thin-film epoxy
samples at different stages of re-polymerization, parameters for the
evolution of equilibrium modulus (Eq. (4)) and Tg (Eq. (5)) were
determined. The BER activation energy Eab was measured by per-
forming a series of stress relaxation tests on the as-fabricated epoxy
samples to determine the relaxation times at different tempera-
tures [51e54]. Finally, the parameter c characterizing the volume
shrinkage (Eq. (10)) was determined by measuring the length
shrinkage of a free-standing thin-film sample at high temperatures.
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All the material parameters are listed in Table S1 in the Supple-
mentary Materials.

These sets of parameters are shown to be effective to study the
re-polymerization of thin-film samples with uniform material
properties. When it comes to the re-polymerization of bulk epoxy,
it is important to determine the diffusivity of solvent in the network
with varying curing degrees. To characterize it, a thin-film epoxy
sample was heated for different times, and their glass transition
behaviors are shown in Fig. 5a. It is observed that both network Tg
and equilibrium modulus increase with the heating time, sug-
gesting a gradually increased network curing degree. With 22 h of
heating at 130 �C, the network Tg reaches 30.6 �C, which is close to
that of the fresh epoxy sample. Using Eq. (7) with predetermined
parameters, the corresponding DoC values of each epoxy sample
can be calculated, which are summarized in Fig. 5b.

The epoxy samples with different curing degrees are subject to
swelling tests in EG solvent at 100 �C to determine the solvent
diffusivity. The dots in Fig. 5c show the experimental results of the
mass increment as a function of swelling time. It is observed that
the mass increment is faster in the network with a lower curing
degree (or cross-linking density), which results from the higher
free volumewithin the network for solvent transportation. For each
swelling curve, it is fitted with a diffusion function to calculate the
corresponding diffusivity (sold lines in the figure). The determined
diffusivities are plotted in Fig. 5d as a function of network DoC.
Within the constitutive modeling framework, the relationship be-
tween the solvent diffusivity and network DoC follows an expo-
nential relationship (Eq. (3a)). By fitting with the experimental
data, the parameter is determined to be a ¼ 1.137.

4.2. Evolution of residual stress during the re-polymerization of
thin-film sample

There are two mechanisms leading to the network volume
shrinkage during the re-polymerization, namely (i) the transition of
weak Van-der-Waals interactions among chain segments into co-
valent bonding and (ii) the solvent evaporation. Considering the
significant amount of solvent involved in the process, the second
mechanism dominates. The restrained shrinkage of polymer resins
leads to notable residual stress during the re-polymerization
process.

The experimentally measured residual stress is plotted as a
function of heating times in Fig. 6. Note that the sample thickness is
Fig. 6. The evolution of residual stress during the re-polymerization of thin-film epoxy
sample. Solid lines: model predictions; dashed lines: experimental data.
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less than 1 mm, so it is safe to assume relatively uniform material
properties and stress distributionwithin the network. It is seen that
at the early stage of re-polymerization, the residual stress increases
due to solvent evaporation and network shrinkage. The increment
is almost linear as a function of heating time at different temper-
atures. However, since the transesterification catalyst does not
evaporate, the network can perform transesterification BERs, which
effectively release the internal stress. Therefore, the internal stress
starts to decrease after reaching the peak value. This phenomenon
suggests that the connection of short chain segments during the
network re-polymerization is a faster mechanism than the bond
exchanging among macromolecular polymer chains for stress
relaxation.

Although the internal stress can be eventually released in the
epoxy network, the peak stress during the re-polymerization could
be a major concern to fabricate high-quality thermoset products.
For example, when the heating temperature is 200 �C, the peak
stress is shown to be up to ~0.12 MPa. A higher temperature will
lead to faster volume shrinkage of the network and thus a higher
peak of residual stress, which will result in the sample failure with
restrained volume shrinkage conditions, especially when the
temperature is highly above the network Tg and the material is
brittle. On the other hand, when the temperature is relatively low,
the residual stress generated in the system is slow and can be easily
released by BERs.

The solid lines in Fig. 6 represent the predictions of the
modeling framework. The close comparison with the experimental
data shows that the developed model can precisely capture the
evolution of the residual stress and peak stress during the re-
polymerization at different temperatures.

4.3. Evolution of material properties during the re-polymerization
of the bulk sample

The evolution of thermomechanical properties of the bulk
epoxy samples during the re-polymerization process was studied.
Herein, the network Tg and equilibrium modulus Eeq (namely the
modulus highly above the Tg) were used as the indicators to
characterize the curing degree. The evolutions of Tg and Eeq of the
first four curing layers close to the top surface are plotted in Fig. 7,
wherein the curing temperature is 180 �C and 200 �C, respectively.
In the figure, the experimental data are plotted as dots and the
model predictions are plotted as solid lines. The close comparison
suggests that the developed constitutive modeling framework is
efficient to capture the nonuniform distribution of material
properties during the re-polymerization of the bulk epoxy
samples.

From the figure, it is observed that the increments of both
parameters are slow at the early stage of re-polymerization, which
results from the excessive solvent molecules in the gel-like
network suppressing the chain connection reaction. After most
isolated solvent molecules are evaporated out of the system, the
chain segments start to rapidly connect, and the network Tg and
Eeq dramatically increase with heating time. The first curing layer,
which is essentially on the top surface of the epoxy sample, po-
lymerizes first. With a sufficient heating time (e.g., ~25 h at 180 �C
and 17 h at 200 �C), the Tg of the first curing layer reaches the
same level as the unprocessed sample. The increment of equilib-
rium modulus is seen to be slower, which might because of some
excessive EG molecules left in the network, serving as the chain
extender to reduce the cross-linking density. Increasing tempera-
ture from 180 �C to 200 �C increases the curing speed of each
curing layer, but the delay in the re-polymerization between the
first and the rest curing layers tends to be more notable. This is
because after a stiff curing layer quickly formed on the surface, it



Fig. 7. The evolution of network Tg and equilibrium modulus of the first four curing layers during the re-polymerization of bulk epoxy.
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will block the transportation of the solvent modules due to the
lower solvent diffusivity and thus suppress the curing of the
bottom materials.

4.4. Influences of processing conditions on the re-polymerization
speed of the bulk sample

With an effective modeling framework, parametric studies are
performed to uncover the relationships between material proper-
ties, processing conditions, residual stress, and recycling speed of
bulk epoxy.

As shown in Fig. 8a, the evolution of the residual stress in the
first four curing layers of the bulk epoxy is predicted at tempera-
tures ranging from 150 �C to 250 �C. The corresponding evolution of
DoC of each layer at the same temperatures is plotted in Fig. 8b. It is
seen for each testing temperature, after the excessive solvent
molecules are evaporated out of the system, both residual stress
and DoC value start to dramatically increase at about the same time
point. The increment, especially for the first curing layer, is earlier
when the curing temperature is higher. For example, when the
temperature is 150 �C, the first curing layer starts to cure notably
after being heated for ~30 min, while it only takes few minutes
when the temperature is 250 �C. However, this does not suggest
that a higher re-polymerization temperature is preferred during
practical applications. An excessively high temperature will lead to
twomajor pitfalls: First, it will result in shape distortion and impair
the quality of the manufactured thermoset product. As shown in
Fig. 8a, when the re-polymerization temperature is 250 �C, the peak
residual stress in the first layer is ~0.15 MPa. This will likely lead to
the fracture of the top surface due to the low strength at temper-
atures highly above the network Tg, or it will lead to the debonding
8

of the top curing layer from the mold. Due to its higher stiffness,
surface wrinklingmay be formed as its volume shrinking. These are
practical issues we observed in our experiments. Second, the rapid
curing of the top layer forms a condensed film on the surface of the
system, which will greatly suppress the solvent transportation,
thereby slowing down the polymerization of the layers beneath it.
As shown in Fig. 8b, as increasing the temperature, the curing speed
of the first layer is promoted. However, its blocking effect, which is
represented by the difference of subsequent layers in curing speed,
tends to be more notable at high temperatures. This will lead to a
significant delay in the overall curing speed of bulk epoxy, and
consequently, increase the usage of electrical energy for heating
and the cost of thermoset recycling.

To further reveal the influences of temperature on the recycling
speed, a full re-polymerization time parameter is defined, which is
taken to be the time point when the curing degree of the bottom
layer reaches 80%. It is plotted as a function of heating temperature
in Fig. 9. The result shows that the full re-polymerization time first
decreases and then increases with the temperature. It reaches the
lowest value when the temperature is ~205 �C, which is corre-
sponding to the highest recycling speed for the epoxy samples.
When the temperature is lower than 205 �C, increasing the tem-
perature can reduce the overall re-polymerization time and pro-
mote the recycling speed due to the increased evaporation rate of
the solvent and the BER rate for the chain segment connection
[55,56]. Above 205 �C, although the temperature can still increase
the rate of BER, the quickly formed stiff film on the solution surface
starts to suppress the evaporation of EG, which in turn inhibits the
re-polymerization of the polymer below it.

It should be noted that the optimal re-polymerization temper-
ature revealed in Fig. 9 assumes that the thickness of the initial



Fig. 8. (a) Predictions on the evolution of residual stress for each layer of bulk CANs at curing temperature range from 150 �C to 250 �C. (b) Predictions on the degree of re-
polymerization of each layer of thick CANs as function of time at curing temperature range from 150 �C to 250 �C.
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Fig. 9. The full re-polymerization time of the epoxy sample as a function of heating
temperature.

X. Shi, D. Soule, Q. Ge et al. Materials Today Sustainability 19 (2022) 100167
polymer solution is 20 mm, and the thickness of the fully poly-
merized epoxy sample is ~ 7mm. In addition, the content of the BER
catalyst within the sample is 0.1 wt% with BER activation energy of
8.65 kJ/mol. It is intriguing to explore how the optimal re-
polymerization temperature will change with these two material
parameters.

In the first group of predictions, the initial solution thickness is
varied from 5 mm to 21 mm, while the BER activation energy is
8.65 kJ/mol for each case. The corresponding full re-polymerization
time is plotted in Fig. 10a as a function of sample thickness and
heating temperature. It is straightforward to observe that at a
specific heating temperature, the re-polymerization time increases
with the sample thickness (see the vertical dashed arrow) as more
time is required to cure thicker samples. On the other hand, for a
given sample thickness, the re-polymerization time is observed to
first decrease and then increase (see the horizontal dashed arrow)
with the increment of temperature. The optimal heating temper-
ature with the lowest re-polymerization time changes with the
sample thickness. For example, Fig. 10b plots the re-polymerization
time as a function of heating temperature. The thickness of the
initial polymer solution is 15 mm, 17 mm, 19 mm, and 21 mm,
respectively. It is seen that the optimal temperature shifts toward
Fig. 10. (a) The full re-polymerization time of epoxy sample with different sample thick
temperature.
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the lower temperature as the thickness of the material increases.
This suggests that for a thicker epoxy polymer solution, a relatively
lower heating temperature is preferred to fully polymerize the
network with the highest speed.

In the second group of predictions, the BER activation energy is
set to increase from 7.65 kJ/mol to 13.15 kJ/mol to represent the
decreasing catalyst content. The initial thickness of the polymer
solution is 20 mm in each case. The full re-polymerization time is
plotted in Fig. 11a as a function of activation energy and heating
temperature. The variation of the re-polymerization time shows
distinguishing features compared to that with different sample
thicknesses. At a relatively low temperature, e.g., 180 �C, epoxy
sample with lower catalyst content (higher activation energy) re-
quires more time to re-polymerize due to the slower BERs (see the
vertical dashed arrow at 180 �C). Therefore, the overall recycling
speed is lower. However, at a relatively high temperature, e.g.,
230 �C, epoxy samples with a lower catalyst content are shown to
polymerize more quickly (see the vertical dashed arrow at 230 �C).
This is because that the curing speed of the top surface is slower,
which encourages solvent transportation and evaporations, and
promotes the overall sample re-polymerization speed. This com-
parison suggests that as the increment of the re-polymerization
temperature, the limiting factor for the overall recycling speed is
changed from the lower BER rate to the blocking effect of the sur-
face curing layer.

On the other hand, for a specific catalyst content, the re-
polymerization time first decreases and then increases with the
temperature (see the horizontal dashed arrow). The re-
polymerization time with 8.7 kJ/mol, 9.2 kJ/mol, 10.2 kJ/mol,
11.2 kJ/mol, 12.2 kJ/mol, and 13.2 kJ/mol activation energy is plotted
as a function of heating temperature in Fig. 11b. It is shown that a
lower activation energy is corresponding to a lower optimal tem-
perature. Therefore, for the epoxy sample with a higher catalyst
content, one may need to consider using a relatively lower tem-
perature to promote the recycling speed.
4.5. Evolution of residual stress during the manufacturing of
composites with particles

The developed modeling framework is extended to study the
manufacturing of particle-reinforced composites using the depo-
lymerized solution. Specifically, the stress distribution evolution
within the matrix during the re-polymerization process is inves-
tigated. Previously, Goodier [57,58] developed analytical solutions
ness and heating temperature. (b) The full re-polymerization time as a function of



Fig. 11. (a) The full re-polymerization time of epoxy sample with different BER activation energy and heating temperature. (b) The full re-polymerization time as a function of
temperature.
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of the stress field around the spherical inclusions when the
composite is under the simple-tension loading condition. The
radial stress (srr) and circumferential stress (sqq) around the in-
clusion are given by:

srr ¼ 2Eeq
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In the above equations, r is the radial distance from the material
point to the particle center, and r0 is the particle radius. v is Pois-
son's ratio of the matrix material. During the re-polymerization
process, the incompressible liquid mixture of reactive resins
Fig. 12. (a) 3D view of the distribution of stress during the re-polymerization of the compos
distribution of stress on a vertical plane and horizontal plane that both pass through the p
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gradually translates into a solid. Poisson's ratio of the final epoxy
sample might be different from the initial liquid resin. However, in
this study, a soft epoxy network (Tg~30 �C) is adopted as the ma-
terial platform, and the re-polymerization temperatures are highly
above its glass transition temperature. The network will be in the
rubbery state with a comparable Poisson's ratio as a soft rubber,
which is commonly taken as a near-incompressible solid in most
previous studies. Therefore, a constant Poisson's ratio is assumed in
this study for the convenience of analysis. Detailed evolution of
Poisson's ratio and its influences on the residual stress develop-
ment deserve future rigorous study. The matrix modulus increases
with time during the re-polymerization, and it is taken to be the
network equilibrium modulus, Eeq (x,t), formulated in Eq. (4). The
far-field stress applied to stretch the composite is taken to be the
residual stress, sr (x,t), which is formulated in the Eq. (11).

It should be noted that the adopted analytical solution simplifies
the problem to some extent. For example, it assumes perfect
bonding between particle and matrix, but when fabricate com-
posites using the depolymerized solution, the matrix transforms
from viscous resin to a solid with considerable volume shrinkage.
Therefore, the slippage between the particle and matrix may affect
the stress distribution. While in our future work, finite element
simulations should be performed for a more rigorous study; the
analytical solution adopted in this pilot study can provide valuable
and easily accessible stress analysis.

Herein, a cubic representative element with a side length of
20 mm is created, and a spherical particle (1 mm diameter) is
ite with particle reinforcement. The system has been heated at 180 �C for 20 h. (b) The
article. The heating time is 10 h, 20 h, 30 h, and 40 h, respectively at 180 �C.
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placed in the volume center. The solvent evaporation boundary
condition is applied on the top surface. The volume element is
sliced into 20 layers parallel to the top surface. Using the developed
modeling framework, the evolution of the network equilibrium
modulus and residual stress development in each layer can be
predicted, which are submitted into Eq. (11) to calculate the stress
components, which are integrated into the von Mises stress to
characterize the stress distribution.

Fig. 12a shows the stress distribution on three cross-sectional
planes of the volume element that pass through the particles,
which gives a 3D view of the stress distribution within the matrix.
The volume element is heated at 180 �C for 20 h. Fig. 12b shows the
evolution of the stress field on the vertical and horizontal cross-
sectional planes with different heating times. It is observed that
on the horizontal cross-sectional plane, notable stress concentra-
tion exists around the particle. The stress contour is circular
because the curing layer is in the equibiaxial tension state. When it
is away from the particle, the stress distribution within the matrix
is relatively uniform. In contrast, the stress distribution on the
vertical planes is highly nonuniform because each horizontal layer
has different degrees of volume shrinkage and stress. In addition to
the stress concentration around the particle, a high stress ampli-
tude exhibits on the top surface due to the rapid solvent evapora-
tion and re-polymerization. Note that the highest stress still exists
around the particle on the vertical cross-sectional plane. For
example, after being heated for 20 h, the stress on the top and the
highest stress around the particle are ~0.14 MPa and ~0.18 MPa,
respectively. With the increment of heating time, both stress in the
matrix and stress concentration around the particle first
increase due to the volume shrinkage of the matrix and then
decrease due to the BER-induced stress relaxation. After being
heated for 40 h, the epoxy matrix is fully polymerized, and the
amplitude of residual stress approaches zero within the system.

The significant stress concentration developed around the par-
ticle during the manufacturing of composites is risky as it may lead
to the debonding between the particles and matrix, as well as the
fracture of the epoxy matrix around the particle. The open micro-
cracks cannot be automatically healed, which compromises the
mechanical strength of the fabricated composites. In Fig. 13, the
maximum residual stress around the particle is predicted as a
function of heating time at different temperatures. It is observed
that the highest stress increases with the temperature. When the
temperature is 190 �C, the peak stress is ~0.22MPa. Considering the
Fig. 13. The evolution of the maximum stress around the particle as a function of
heating time during the re-polymerization of the composite.
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evolution of the equilibrium modulus during the network re-
polymerization (0.5 MPae2.5 MPa), the stress amplitude can
generate a ~9% principal strain at least. Since the re-polymerization
temperature is highly above the network Tg (~30 �C), the network
tends to be brittle, and the residual stress is likely to lead to ma-
terial failure. Decreasing the temperature reduces the peak stress
amplitude and the risk for particle debonding, but the trade-off is
the overall manufacturing speed. Therefore, during the practical
applications, a temperature ‘sweet spot’ can be identified using the
developed modeling framework to enable both high quality and
low manufacturing cost of the composites.

5. Conclusion

When recycling thermoset wastes using organic solvents, the
solvent evaporation during the re-polymerization step leads to
notable volume shrinkage of the resin and residual stress devel-
opment. The reaction starts from the surface, leading to nonuni-
form material properties and curing degree in the sample
thickness direction. In this work, the evolution of the stress field
and material properties during the solvent-assisted recycling of
thermosetting polymers is studied. The influences of heating
temperature are experimentally examined. It shows that a higher
temperature promotes the reaction and re-polymerization rates,
which leads to a higher stress field within the network. A solidi-
fied thin film can be quickly formed on the top surface of the resin,
which suppresses the curing of the network beneath it. A dif-
fusionereactionekinetic modeling framework is developed to
assist the study, which links the microscale reaction kinetics of
chain connection and cleavage to the macroscale volume
shrinkage and material mechanical properties. The modeling
framework is shown to precisely capture the experimental ob-
servations. It is applied to examine the influences of the temper-
ature, sample thickness, and content of the BER catalyst. It shows
that for a sample with a higher thickness or a higher content of the
BER catalyst, a relatively low temperature is preferred to increase
the overall recycling speed. The modeling framework is extended
to study the recycling of composite with particle reinforcements.
The stress concentration around the particles during the com-
posite manufacturing may lead to the debonding between particle
and epoxy matrix. It can be substantially mitigated using lower
processing temperatures, which improve the quality and me-
chanical performance of the fabricated composites. Overall, this
study reveals the relationship between re-polymerization degree
and the residual stress development during the solvent-assisted
recycling of thermoset wastes, which provides a guideline to
design material and processing conditions to promote the recy-
cling speed, reduce the recycling cost, and improve the quality and
mechanical properties of recycled thermosets.
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