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Thermosetting polymers are hard to be recycled using conventional methods due to their
permanently crosslinked networks. It was recently reported that covalent adaptable net-
work (CAN) polymers could be fully decomposed in organic solvents utilizing bond-
exchange reactions (BERs). Re-polymerization occurs by heating the decomposed solution
to evaporate the solvent. This prominent feature of CANs provides exciting opportunities
to enable the green and sustainable recycling of thermosets. In this paper, we develop a
multiscale chemomechanics theory to study the re-polymerization process of CANs, where
the soluble chain segments connect at the tails via BERs. At the macromolecular level,
the chemical reaction rates are formulated by considering the distance and diffusivity of
reactive species, which determine the average chain segment length and network degree
of curing (DoC). The evolution rule of DoC is then fed into the continuum-level multi-
branched model to capture the thermomechanical properties of CANs at different curing
states. The established theory can predict the conversion ratio of functional groups, solu-
tion viscosity, volume shrinkage, and glass transition behaviors of re-polymerizing CANSs.
It also reveals the influencing mechanisms of various material and processing conditions,
which paves the road for the immediate engineering applications of the green and sustain-
able recycling approach for thermosets and their composites.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Conventional thermosetting polymers cannot be reshaped or recycled after polymerization due to their permanently
crosslinked networks, which lead to a significant amount of waste materials that end up in landfills and incineration
(Hartt and Carey 1992; Kouparitsas et al. 2002; Conroy et al. 2006; Pickering 2006; Ogi et al. 2007; Palmer et al. 2009).
The recently emerged covalent adaptable network (CAN) polymers provide exciting opportunities for thermoset reprocess-
ing and recycling. These polymers are covalently crosslinked, but the dynamic nature of reversible bonds allows the network
rearrangement through bond-exchange reactions (BERs), where an active unit replaces a unit in an existing bond to form a
new bond (Adzima et al. 2008; Kloxin et al. 2010; Tasdelen 2011; Wojtecki et al. 2011; Bowman and Kloxin 2012). When such
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Fig. 1. The re-polymerization of epoxy vitrimer decomposed by the ethylene glycol solvent.

macromolecular events occur in large amounts, they can attribute to unusual properties that are not seen in conventional
thermosetting polymers, such as thermoforming (Scott et al. 2005; Scott et al. 2006; Park et al. 2010; Hanzon et al. 2017;
Luo et al. 2018a, 2018b, 2019), self-healing (Chen et al., 2003; 2002; Zhang et al. 2009; He et al. 2018), and reprocessing
(Taynton et al. 2014; Yu et al. 2014).

A green and sustainable recycling method of thermosets can be realized by leveraging the interactions between CANs
and reactive solvent. When a CAN sample is immersed in a suitable organic solvent, solvent molecules diffuse into the net-
work and participate in BERs with exchangeable bonds on the chain backbone, which effectively break the chains into
short segments and eventually decompose the network. The choice of solvent depends on the dynamic chemistry em-
ployed in the CANs. For example, CANs containing dynamic disulfide bonds can be decomposed in thiol-containing solvents
(Johnson et al. 2015; Luzuriaga et al. 2016). Polyimine with imine exchange reactions can be degraded in diamine solvents
(Taynton et al. 2016; He et al. 2019). Epoxy vitrimers with transesterification-type BERs can be decomposed in an alcohol
solvent (Yu et al. 2016; Shi et al. 2017; Shi et al. 2018). Re-polymerization can occur by heating the decomposed CAN solution
in an open environment to evaporate the solvent. The re-polymerization process of the epoxy vitrimer after decomposing
in the ethylene glycol (EG) solvent is shown in Fig. 1: at the high temperature, BERs between the exchangeable groups at
the end of chain segments connect them together. As the generated solvent molecules evaporating out, the average chain
segment length and molecular weight increase, and the polymer network is gradually formed. Fourier transform infrared
spectroscopy (FTIR) and mechanical tests confirmed that the recycled epoxy had nearly-identical network structure and me-
chanical properties as unprocessed ones. The elastic modulus and strength of the recycled materials were about 98.3% and
93.3%, respectively, of the unprocessed samples (Taynton et al. 2016).

The solvent-assisted recycling method of CANs involves simple heating in the organic solvent and realizes full recycla-
bility with low cost, easy implementation, and zero pollution. It represents a paradigm shift away from traditional views of
thermoset recycling. However, due to its nascent development, existing studies mainly focused on proof-of-concept demon-
strations. There is no systematic experimental or theoretical work that has been performed to address the fundamental ques-
tions. For example, what is the relationship between BER kinetics and the evolution of network structure, volume shrinkage,
and mechanical properties of the re-polymerizing network? What are the influences of various material and process parame-
ters on the recycling performance? The lack of fundamental understanding prevents the immediate engineering applications
of the solvent-assisted recycling method.

The polymerization process of thermosetting polymers has been intensively studied before, but existing modeling
theories are insufficient to understand the solvent-assisted recycling process of CANSs. First, the theories usually describe
the kinetics of chemical reactions (e.g. the step-growth and chain-growth reaction) using empirical mathematics models
(Buback et al. 1994, Lee et al. 2001, Atai and Watts 2006, Dickey and Willson 2006, Long et al. 2009). A constant reaction
rate is assumed, which is determined by fitting with the experimental data. However, during the CAN re-polymerization,
the reaction rates of chain cleavage and connection are governed by the content, relative distance, and diffusivity of
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Fig. 2. Structures of the chemical reagents used in this study.

reactive species (i.e. the polymer chains and solvent molecules), which evolve with the polymerization degree. To this end,
physics-based constitutive relations based on these governing factors should be defined to study the CAN re-polymerization,
which are more effective to identify the influencing mechanism of different material properties and processing conditions,
such as the temperature, network crosslinking density, choice of organic solvent, and BER catalyst content. In addition,
existing studies primarily focus on the network equilibrium properties during polymerization, such as the increment of
Young’s modulus. There is a lacking of efficient theory to link the macromolecular-level BER kinetics to the evolution of
macroscopic thermo-viscoelastic properties of re-polymerizing thermosets.

In this paper, a multiscale chemomechanics modeling framework is developed to study the evolution of network structure
and material properties during the re-polymerization process of CANs. In the microscale, the BER kinetics is formulated by
considering the average distance and diffusivity of solvent molecules and chain segments. Statistical analysis of the chemical
reactions identifies the distribution of chain segment length and the evolution of functional groups. A degree of conversion
(DoC, varies from 0 to 100%) of functional groups is then defined to link the microscale reaction process with macroscopic
material properties, such as the volume shrinkage and the evolution of resin viscosity. The DoC is used as an internal variable
and fed into a continuum-level multi-branched model to describe the evolution of network thermo-viscoelastic properties
during the re-polymerization, including the glass transition temperature and storage modulus. The multiscale chemome-
chanics theory is verified by corresponding experiments. It is further applied to perform parametric studies to examine the
influences of BER catalyst content, choice of solvent, and network crosslinking density on the re-polymerization rate. Com-
pared to existing works, the developed modeling framework integrates the microscale BER kinetics to the continuum-level
network thermomechanical properties. It has two major innovations. First, the microscale reaction kinetics is formulated
based on the content, relative distance, and diffusivity of reactive species (exchangeable bonds and solvent molecules), in-
stead of following existing works that use constant reaction rate fit with experimental data. The physics-based constitu-
tive relations provide the opportunity to study the influences of various material and processing conditions. Second, the
microscale statistical analysis of chemical reactions and chain length distribution is linked to a continuum-level thermo-
mechanical model, which is able to capture the viscoelastic effects, glass transition behaviors, and evolution of network
equilibrium modulus during the re-polymerization of CANs. Overall, the presented study advances the understanding of the
structural-processing-property relationships of thermosets during the re-polymerization. It also provides valuable guidelines
to select the solvent and processing conditions for efficient recycling of thermosets and their composites, which pave the
road for the immediate engineering applications of the green and sustainable recycling method.

2. Materials and experiments
2.1. Material synthesis

The material used in this study is the thermosetting epoxy polymer developed by Leibler and coworkers [16]. The epoxy
samples were synthesized from the monomer diglycidyl ether of bisphenol A (DGEBA, Sigma Aldrich, St. Louis, MO), the
crosslinker fatty acids (Pripol 1040, Croda Inc., Houston, TX), and the metallic BER catalyst (Zn (Ac),, Sigma Aldrich). Detailed
chemical structures of each reagent are shown in Fig. 2. For polymer synthesis, the catalyst was first mixed with the fatty
acid (10 mol% to COOH groups) in a beaker. The temperature was gradually increased from 100 to 150°C while maintaining
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Fig. 3. Chain cleavage and chain connection reactions during the network decomposition and re-polymerization.

the mixture under vacuum until no gas evaporation was observed, and the catalyst particles were completely decomposed
(3 h). DGEBA was then added to the previous fatty acid mixture containing solubilized catalyst (stoichiometry between
fatty acid and epoxy is 1:1) in a round-bottom flask and manually stirred at 130°C until the mixture became homogeneous.
Finally, the mixture was poured into a mold and cured in an oven for six hours at 130°C.

2.2. Network decomposition and re-polymerization

The mechanism of chain connection and cleavage during the network decomposition and re-polymerization of epoxy is
shown in Fig. 3. The synthesized epoxy vitrimers contain ester groups on the chain backbone. During the decomposition,
epoxy samples were immersed in 180°C EG solvent, and the container was sealed to avoid solvent evaporation. The solvent
molecules gradually diffused into the network and broke the polymer chains at the positions of ester groups on the back-
bone. The mole ratio between the EG solvent and epoxy was set to be 1:1 such that the polymer was fully decomposed into
unit segments, and there was negligible EG solvent left in the solution.

During the re-polymerization, the decomposed polymer solution was poured into a mold and heated at a given temper-
ature in an open environment. The BERs proceeded stepwise between short segments by combining their functional groups
at the end, which form long polymer chains and EG molecules. Crosslinking networks were gradually formed as the EG
molecules evaporated out.

2.3. Fourier transform infrared spectroscopy measurement

The decomposed polymer solution was respectively heated at 160, 180, and 200°C for different times for re-
polymerization. Fourier transform infrared spectroscopy (FTIR) tests were then conducted to monitor the conver-
sion of hydroxyl groups during the epoxy re-polymerization, which has a characteristic peak at 3500-3700 cm™!
(Montarnal et al. 2011). The FTIR measurements were performed by using a spectrometer (Nicolet iS50 FTIR, Thermo Sci-
entific, Waltham, MA, USA) fitted with an ATR cell. A thin layer of epoxy CAN sample was deposited on the ATR cell at
room temperature. Spectra were taken for the samples. The spectrum of each sample is the averaged result from 32 scans
collected from 550! to 4000 cm~! at 1 cm™! resolution.

2.4. Viscosity measurement

At the early stage of re-polymerization, the solution viscosity was measured to identify the evolution of the average
molecular weight of chain segments. After respectively heating at 160, 180, and 200°C for different times, the solution vis-
cosity was measured by using a rheometer (TA Instruments, AR-G2, New Castle, DE, USA) with the parallel plate geometry
(20-mm diameter, 1000-um gap). During the measurements, the temperature was maintained constant at room tempera-
ture, and the shear rate was increased from 103 to 200 s~!.

2.5. Volume shrinkage measurements

Volume-shrinkage induced residual stress has been a major concern during the fabrication of thermosets and their com-
posites. When it comes to the solvent-assisted recycling of CANs, volume shrinkage of the resin during the re-polymerization
could be noticeable due to the evaporation of solvent molecules. To characterize the volume changing of the re-polymerizing
networks, the decomposed polymer solution was first heated at 200°C for re-polymerization. After 4 hours, the resin passed
gelation and can carry the load. It was then cut into specimens and mounted on the Dynamic Mechanical Analysis (DMA,
Model Q800, TA Instruments, New Castle, DE, USA) machine at constant temperatures (160, 180, and 200°C, respectively).
No force was applied, and the sample was in the free-standing state. The volume change was recorded as a function of time.
Note that thin-film epoxy samples with a thickness of 0.5 mm were tested, which exhibit a uniform solvent content and
network properties in the thickness direction during the re-polymerization.
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Fig. 4. (a) The chain connection and chain cleavage reactions involved during the network re-polymerization. (b) The average distance of reactive sites on
the chain segment tail (r;), and the average distance between the solvent molecules and the segment tails (r,). The blue circles denote the ester bonds on
the backbone of chain segments, and red circles denote the hydroxyl functional group. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

2.6. Dynamic mechanical analysis

DMA tests were conducted to measure the evolution of network modulus and glass transition behavior of thin-film epoxy
samples during the re-polymerization (after gelation). During the DMA experiments, the samples with the same dimension
of 12 mm x 3 mm x 0.5 mm 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 to 100°C at a rate of 2°C min~!.

3. A multiscale constitutive model
3.1. The overall model description

The overarching modeling strategy is described as following: in the microscale, we formulate the rates of chain connec-
tion and cleavage during the re-polymerization based on the diffusivity of solvent molecules and chain segments as well
as their contents and average distance. The rate constants are then used in first-order reaction equations to formulate the
content and length distribution of chain segments during the CAN re-polymerization. A DoC parameter is defined based on
the conversion of functional groups, which is used to capture the FTIR results and resin viscosity. The DoC parameter is
used as an internal variable in a continuum-level multi-branched model to capture the volume shrinkage and evolution of
network thermo-viscoelastic properties.

3.2. The microscale model: the kinetics of re-polymerization

The re-polymerization process of CANs involves chain connection and chain cleavage (Fig. 4(a)). The chain-connection
reaction is that two short chain segments connect at the tail to form a longer segment and generate a solvent molecule.
The reverse reaction leads to the chain cleavage. With the generated solvent molecules gradually evaporating out, the sys-
tem equilibrium shifts to the re-polymerization, and the average chain segment length increases. The rates of chain con-
nection and cleavage reactions (k; and k) are determined by the two time-dependent processes: the diffusion of reactive
species and the transesterification reaction. The first process depends on the content and relative distance of reactive species



6 X. Shi, D. Soule and Y. Mao et al./Journal of the Mechanics and Physics of Solids 138 (2020) 103918

(Fig. 4(b)). For example, during the chain connection, two chain segments first diffuse towards each other and then connect.
Therefore, the reaction rate depends on the average distance among the exchangeable bonds at the segment tails, <r;>. On
the other hand, the chain cleavage rate depends on the distance between solvent molecules and ester groups on the chain
backbone, <r;>.

3.2.1. Rate of chain connection kq

During the chain connection reactions, since the reactive bonds are attached to the chain segments, their movement
follows Rouse sub-diffusive motion, rather than the random Brownian diffusion. The mean-square traveling displacement
increases as the four roots of time t (Degennes and Gennes 1979, Degennes 1982, Rubinstein and Colby 2003):

®=p(L)" (1)

Toi
where b is the monomer length, and 7; is the Rouse time of the chain segments with i monomers on the backbone. If the

Rouse time of the shortest segment is 7, the Rouse time of the segment with i monomers will be (Rubinstein and Colby
2003):

Toi = 1 Tps. (2)

On the other hand, the temperature dependency of Rouse time can be described using the time-temperature superposi-
tion principle (Williams et al. 1955, O’Connell and McKenna 1999, Rubinstein and Colby 2003):

Ti(T) = it (T), (3)

(T -Tp) (4)
Q+(T-Tp)’
where 7; is the Rouse time at any temperature, Ty is the Rouse time at the glass transition temperature (Tg), T is the
temperature, and c;, ¢, are empirical constants.

We denote C; to be the volume concentration of chain segments with i monomers. Each segment has two exchangeable
bonds at the tail, so, the concentration of exchangeable bonds at a continuum point is written as G- =2 Y1 ~' G;, where N
is the amount of monomers in each polymer chain when the network is fully polymerized. The relative distance among
exchangeable bonds is:

(r1) ~ (GNy)™'23, (5)
with N, being the Avogadro’s number (6.02 x 1023 mol-1!).

For a segment with i monomers, its traveling time (t;) to meet another reactive site at segment tails can be obtained by
solving:

b@)m =(n). (6)

Ti

logyoa(T) = —

which gives:

_ i
"GN
Following the previous works (Yu et al. 2017), the average time spent on a BER is related to the BER energy barrier, Eg,

as tgeg = to_per eXp(Eqy/RT), with to peg being a time constant. R=8.31 ] mol~! K- is the gas constant. Overall, the reaction
rate (mol/s) for the chain connection can be written as:

ki = (Nat1+Natger) " (8)

t (7)

3.2.2. Rate of chain cleavage k;

During the chain cleavage reaction, we assume that there are n solvent molecules in average around each ester group.
For the chain segment with i monomers, there are i-1 ester groups on the chain backbone. If the concentration of solvent
molecules at a material point is denoted as Cy, we have:

Co
== (9)

i (—1)G

The average distance between an ester and solvent molecule is formulated by the theory of mean inter-particle distance,
which was first derived by Chandrasekhar (1943) based on the probability distribution function of distance to the nearest
neighbor particle:

1./1
rn)==I(=)a 10
) =37 (3) (10)
where I" is the gamma function, and a is the Wigner-Seitz radius which is defined by:

=3 /%4 (11)

n
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Fig. 5. Four types of exchange reactions that can change the segment length. The segment with i monomers is highlighted with dash box. The blue circles
denote the exchangeable bonds on the backbone of chain segments and red circles denote the EG solvent molecule. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Since the solvent molecules are not linked to the chain segment, we assume their movement during the chain cleavage
reaction follows the Brownian-like motion. According to Albert Einstein’s Theory of Brownian Motion (Einstein 1905), the
mean-squared displacement during the random walk of solvent molecules is in a linear relationship with the traveling time.
Therefore,

2
t, = (r2) (12)

Note that Ds is the diffusivity of solvent molecules, which was shown by to be the self-diffusion of solvent within the
polymer networks (Rudin and Choi 2013), and thus can be measured using polymer swelling tests.
The reaction rate for the chain cleavage (mol/s) can be determined by:

kz = (NAt2+NAtBER)71. (13)

3.2.3. Statistical analysis of segment length distribution

Statistical analysis is performed to determine the content and length distribution of the chain segments. During the
network synthesis, ester groups on the chain backbone were formed by the epoxy-carboxyl reaction. Since the stoichiometric
ratio between the fatty acid and epoxy is 1:1, we can safely assume that the ester bonds are evenly distributed on the
backbone of chain segments, and their spacing equals the average length of constituent monomers.

During the re-polymerization, there are four types of BERs that will change the content of the segment with i monomers
(i.e. G;). As illustrated in Fig. 5, the four reactions are: (a) a segment with i monomers reacts with a EG molecule and 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 a given material point, we assume that if the reactive species (chain segments and solvent molecules) exist during the
network re-polymerization, their content is sufficient, so the four possible reactions shown in Fig. 5 are parallel reactions.
Therefore, the changing rate of C; is the summation of the reaction rates of the four reactions illustrated in Fig. 5:

G =ro(t) +r2(t) +1E(0) + (D). ()
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It should be noted that the four types of BER are not equally possible. Their magnitudes depend on the contents of
reactant segments. Previous works have revealed that transesterification is a first-order reaction (Saroso 2016). The r{ is
expressed as:

T? = —sz,‘. (]5&)
A negative sign is given in Eq. (15a) because each reaction (a) consumes a segment with i monomers.
Similarly, the rate of reaction (b), rlb, is written as:
P = kG (15b)
For the reaction (c), a chain segment with j (j < i) monomers connects with another segment with (i- j) monomers. The
reaction rate, rf, is expressed as:
i1
=k Y Cjpe, (15¢)
j=1
where pc =Gi_j/Y ", Gn is the probability to find a segment with (i - j) monomers at a material point.
For the reaction (d), a chain segment with j (j > i) monomers cleavages into two short segments. rl.d is expressed as:

rf=ky Y Cipa. (15d)
Jj=i+1
where p, is the probability that one of the two generated short segment has i monomers. For the segment with j (j > i)
monomers, there are (j-1) ester groups on the backbone. A segment with i monomers can be generated by breaking two
specific ester groups. Therefore, p; =2/(j — 1).
Solving these linear differential equations will obtain the mole density (C;) of chain segments with i monomers. The
average monomer number of chain segments

N(t) = Zi:l iw(t), (16)
with
C.
P R 17
w, s ¢ (17)

The reaction rates of four possible reactions in Fig. 5 also determine the changing rate of solvent content (Cp) at a
material point:

Co = Zi:l (ri"—rf’+rf—rf) — 10, (18)

In the above equation, ry is the consumption rate due to the solvent evaporation on the polymer-air interface. On the
one hand, the solvent evaporation reduces the amount of solvent molecules in the mixture, and thus tends to reduce their
volumetric content. On the other hand, the mixture thickness decreases, which tends to increase the solvent content. Fol-
lowing the previous works by Es-haghi and Cakmak (2015) and Xu and Liu (2019), the expression of ry is derived to be:

e | o JeMe

o = C .
0 w+0,ow

(19)

In the above equation, Je (mol/m?s) is the solvent evaporation flux on the polymer-air interface, which follows J. = K.Cp,
with K. (m/s) being the average mass transfer coefficient. p is the solvent density, M, is the molecular weight of the solvent
the mixture thickness, w(t) is the mixture thickness. The detailed derivation process can be found in the supplementary
material (Section S1).

3.3. Degree of curing: the linkage between the network microstructure and macroscopic material properties

During the polymerization, chain segments connect to form longer chains. To capture the evolution of material prop-
erties, it is straightforward to first describe the number distribution of polymer chains with different lengths, and then
calculate the material properties by the superposition method. However, this could quickly become a daunting job due to
the complex distributions of the chain segment length. To solve the problem, an alternative approach is to define a proper
characterization parameter that links the microscale network structure to the continuum-level material properties. The de-
gree of curing (DoC, varies from 0 to 100%) that formulates the conversion rate of monomers or functional groups is a good
indication of the averaged composition of the system. It can be linked to many material properties and is easier to measure
than the distribution of polymer chains. For example, the DoC can be measured through reaction entropy by differential
scanning calorimetry (DSC), infrared spectroscopy absorbance by Fourier transform infrared spectroscopy (FTIR) and NMR
spectrum. Because of these, the DoC is often used as the internal variable to characterize and model the property changes
during the curing of thermosetting epoxy and adhesives (Gan et al. 1991; Watts and Silikas 2005; Dewaele et al. 2006).
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describe the equilibrium branches and viscoelastic branches. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

During the re-polymerization of epoxy vitrimer, each chain connection reaction generates an ester group on the chain
backbone, and its content is a suitable parameter to define the DoC. At the beginning of re-polymerization, the system
contains the shortest segments with content of C;(t=0). When the network is fully polymerized, the chain density can be
written as C;(t=0)/N, with N being the amount of monomers in each chain. Since each polymer chain contains (N-1) ester
group on the backbone, the content of the backbone ester group in the fully cured epoxy can be written as C;(t=0) (N-1)/N.
During the re-polymerization, the system has a distribution of polymer chains with different segment length. The DoC is
defined to be the amount of ester groups on the segment backbone, }";_, (i — 1)Gj(t), normalized by its final value in the
fully polymerized network:

N} i, (i—DG()

PO="N-DGe=0)

(20)

3.4. The continuum-level model

3.4.1. Overview of the multi-branched model

The thermomechanical behaviors of polymers have been intensively studied in recent decades. There are mainly two
streams for the theoretical modeling efforts. The first one is based on the rheological models using linear rheology elements
(spring elements and dashpot elements), which are consistent with the inherent viscoelasticity of amorphous polymers
(Nguyen et al. 2010, Srivastava et al. 2010, Diani et al. 2012, Yu et al. 2016, Gu et al. 2017). For example, the temperature-
dependent relaxation times of dashpots are corresponding to the mobility change of polymer chains in the amorphous
polymers. It should be noted that such a model usually contains many parameters that need to be calibrated from experi-
ments. To this end, the phase-evolution models (Chen and Lagoudas 2008, Qi et al. 2008, Kim et al. 2010, Yang and Li 2016,
Li and Liu 2018, Pan et al. 2018) based on the evolution between hard and soft phases is more concise to use, specifically
for the study of semi-crystalline polymers with phase evolution mechanisms.

In this work, the viscoelastic properties of amorphous CANs are studied using a multi-branched rheological models,
which was successfully applied in our previous works to study the amorphous polymers (Yu et al. 2012, 2014). The DoC
is used as an internal variable in the continuum-level multi-branch model to study the thermo-viscoelastic behaviors of
re-polymerizing CANs. Fig. 6 shows the rheological analogy of this model. A thermal expansion element is arranged in
series with mechanical elements. The mechanical elements consist of two parts: the equilibrium branch represented by
an elastic spring and the non-equilibrium Maxwell branches that describe the relaxation of viscoelastic polymer chains. It
should be noted that the continuum-level model captures the network properties of thin-film material with uniform solvent
concentration. The re-polymerization of thick samples that involves diffusion of solvent molecules in the sample thickness
direction will be studied in the future.

The total deformation of CAN network is decomposed into thermal and mechanical parts:

A = Auhr, (21)

where A is the total stretch ratio of the model. Ay and At are the stretching ratios of the thermal and mechanical compo-
nents, respectively. Following the previous work (Dewaele et al. 2006), a linear relationship between the volume shrinkage
and the DoC is assumedA = (Vo —V)/(Vp) = xP, with x being a fitting parameter. The stretch ratio of the thermal compo-
nent is written as:

Ar =3y/1— xP. (22)
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The true stress o of the model is the summation of each paralleled components

n
0 =0+ Y 0y, (23)
j=1
where o¢q and o, are respectively, the true stresses of the equilibrium branch and viscoelastic branches. Each branch has

the same stretch, Ay;.
To calculate the true stress of the equilibrium branch, we adopt the following simple large-deformation elasticity model:

Oeq = Eeq () In[An(£)], (24)

where the network equilibrium modulus, Eq, evolves during the re-polymerization. The detailed evolution rule is given
in the next section. The logarithm of strength ratio defines the true strain, which conveniently converts the multiplicative
operation of stretches into additive strains, which greatly simplifies the numerical iterations. Note that the same relationship
was used in the previous works (Westbrook et al. 2010, Ge et al. 2013, Hanzon et al. 2019) to calculate the true stress of
soft materials. For viscoelastic branches, the stress can be calculated by:

] 1 dAy;
0y = Evj ]n()\’w) = EW‘TW‘FT’ (25)
v

where E,; and )»5]. are respectively, the elastic modulus and stretch ratio of the spring. 7,; and Agj are respectively, the
relaxation time and stretch ratio of the dashpot in the jth viscoelastic branch. )sz and )‘5]' can be related to the stretch ratio
of mechanical component as: Ay = }‘5]' + Asj -1

3.4.2. The evolution of equilibrium modulus
Following the previous work (Daoud 2000), the equilibrium modulus is scaled with the correlation length of chain seg-
ments, ly, by:

(26)
where kj is Boltzmann constant (1.38 x 10723 m? kg s~2 K~1). [y is further scaled with the DoC by (Adolf et al. 1990,
Rubinstein and Colby 2003):

lo ~ P2, (27)

where 8, is a correlation exponent. Combining Eqs. (25) and (26), the evolution of network equilibrium modulus during the
re-polymerization is written as:

Eeq = E. P5P. (28)

where E, is the equilibrium modulus of a fully cured network.

3.4.3. Evolution of relaxation time
The relaxation time of each Maxwell element is a function of temperature. Based on the time-temperature superposition
principle (TTSP), t,; can be written as (Rubinstein and Colby 2003):

7y (T) = Tyjoay(T). (29)

In the above equation, 7, is the relaxation time at the network glass transition temperature (Tg). ay(T) is the shift factor
which can be respectively described by the Williams-Landel-Ferry equation above Ty and by the Arrhenius equation below
Tg(Williams et al. 1955, Di Marzio and Yang 1997)

AE. 1 1
Infon (D] =7~ (T 27305 T+ 273.15)atT T (30a)
c1(T - T;
log[ay(T)] = —C;:_fg;aﬁ >T,. (30b)
g

Here, A and F. material specific constants. ¢; and c, are fitting parameters that are the same as used in Eq. (4).

In Eq. (29), the shift factor decreases with the temperature, which is corresponding to the increment of chain mobility
and fast viscoelastic relaxation. On the other hand, because the newly formed network will hinder the old networks from
relaxing, the shift factor in Eq. (29) increases with the network Tg, which suggests a gradually increased network relaxation
time.
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3.4.4. The evolution of network Tg

The glass transition temperature is an important indication of the extent of curing. The relationship between the T; and
the DoC has been widely studied before. Gan et al. (1991) developed a viscoelastic type model for the curing polymer by
using the empirical Dibenedetto equation (Nielsen 1969, DiBenedetto 1987). The model considers the mobility of polymer
chains in the curing network and can well capture the Tg evolution of various polymer systems. Following this work, the Tg
of CANs during the re-polymerization is written as:

Rln [g1 (1- Py +g2]

Ty (31)

where E; is the activation energy of transition from the glassy to the rubbery state, £ is the parameter for accounting the
effects of chain entanglement. g;, g, are two material constants.

4. Results and discussions
4.1. Material parameters identifications

During the network decomposition, the mole number of EG solvent molecules was the same as the ester group on the
chain backbone. In this manner, the fully decomposed network contains only the shortest chain segment, and there are
negligible unreacted solvent molecules in the system. The initial volume content of the shortest chain segment C;(t=0) can
be determined by the ratio of DGEBA and fatty acid during the network synthesis. For the precursor chemicals, DGEBA and
fatty acid have a molecular weight of 340 and 601.9 g/mol, respectively, and their stoichiometry ratio was 1:1. Assuming
the density of the polymer solution is 1g cm~1, C;(t=0) is calculated to be 7.8 x 10° mol/m3. The volume contents of other
chain segments C; (i>=2) are set to be 0.

When the network is fully polymerized, the chain length follows a specific distribution. However, using existing polymer
characterization techniques, it remains challenging to determine the detailed chain length distribution in the crosslinked
networks. Therefore, in this paper, for the convenience of analysis, we assume the uniform length of polymer chains. With
this assumption, the numerical predictions in the later sections are shown to be close to the experimental data. The detailed
influences of chain segment length deserve our further study. Following the previous works on the same material, we set
the average length of monomer, b, to be 1 nm, and the amount of monomers on the chain backbone in the fully polymerized
network (N in Eq. 20) to be 8 (Long et al. 2013, Yu et al. 2016, Yu et al. 2017).

4.1.1. Evaporation rate of EG solvent

The changing rate of Cy due to the solvent evaporation (rp in Eq. (19)) is a major parameter to determine the re-
polymerization rate. To determine the mass transfer coefficient K. (m/s), a mixture of polymer solution was prepared con-
taining monomer DGEBA and cross-linker fatty acid. Their stoichiometry ratio was identical to that in the synthesized epoxy
CANs. 30 wt% EG (compared to the mixture mass) was added. Based on the solvent and monomer density, the initial solvent
volume fraction was estimated to be 4.52 x 103 mol/m3 The mixture was poured into a model with ~1.8mm thickness and
~900mm? evaporation area. The mixture was then heated at 120°C, 140°C, 160°C, 180°C, and 200°C respectively to measure
the mass loss. No phase evolution was observed within the mixture at high temperatures. Note that due to the excessive
solvent and no BER catalyst, there was no chemical reaction involved during the heating, and the mixture mass drop mainly
resulted from the solvent evaporation.

Fig. S1 shows the drop of mass as a function of heating time and temperature. The solvent mass can be predicted by
Eq. (19). By fitting with the experimental data, the mass transfer coefficient, K., at these three temperatures are determined
to be 4.8 x 1078, 1.3 x 1077, 4.8 x 1077, 9.6 x 107, 2.2 x 10-% m/s, respectively. The detailed procedure and experimen-
tal results are summarized in the supplementary material (Section S1). To assist the parametric studies in this paper, an
exponential equation is proposed to describe the relationship between the evaporation rate K. and temperature T:

K(T) = a; exp (—az/RT). (32)

where R is the gas constant. As shown in Fig. S2, when the fitting parameters a; and a, are set to be 8 x 10* m/s and
9.5 x 10* J/mol, respectively, the proposed equation closely captures the values of K. at different temperatures.

4.1.2. The diffusivity of EG within the network

The diffusivity of EG in the epoxy network, Ds, determines the rate of chain cleavage (Eq. (12)) and is measured by the
swelling tests. Epoxy samples without the BER catalyst were soaked in the EG solvent at different temperatures. Without the
catalyst, the samples behaved like conventional thermosets and kept swelling without decomposition. At times, their weight
was measured to determine the solvent diffusivity. The detailed experimental procedure is described in the supplementary
material (Section S2). The temperature dependence of Ds follows the Arrhenius equation:
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Fig. 7. (a) Stress relaxation behavior of fresh epoxy CAN. The relaxation time is determined to be the time point when the relaxation modulus reduces by
63.2% (the dash line) (b) the relationship between relaxation time and temperature.

E
D(T) = Doexp (2. (33)
where Dsq is the reference diffusivity, Eqs is the activation energy. In Fig. S3, by fitting the experimental data, the corre-
sponding parameters were determined to be Eg = 34.2 kJ/mol and Dygy = 3.23 x 10-6 m?/s.

4.1.3. BER kinetics and activation energy

The BER energy barrier, E,,, determines the average time spent on a BER and the chain connection and cleavage rates
(as shown in Egs. (8) and (13)). E;, was measured by performing a series of stress relaxation tests on the as-fabricated
epoxy CAN at different temperatures (Yu et al. 2014). During the stress relaxation tests, the normalized relaxation modulus
(Fig. 7(a)) was used to identify the relaxation time 7 ggg, which is taken to be the time point when the normalized relaxation
modulus declines to 1/e (~36.8%). The relaxation times are summarized in Fig. 7(b) as a function of temperature.

Previous studies show that tpgg can be written as:

E
—k ib] 34
TBER 0 €Xp [ RT | (34)
where the kj is a correlation exponent. By fitting the experimental data in Fig. 7(b), BER energy barrier is determined to be
E;»=8.15 kJ/mol.

4.14. Parameters for the multi-branched model

The material parameter of volume shrinkage x (in Eq. (22)) was determined by fitting with the tested volume change
of epoxy vitrimer during the re-polymerization at 180°C. The glass transition behavior of epoxy vitrimer was measured at
different stages of re-polymerization. The tested rubbery moduli were used to determine the parameters of equilibrium
branch (Exand By in Eq. (28)), and the tested Ty was used to identify the parameters in Eq. (31). The detailed curve-fitting
results are shown in the supplementary material (Sections S3-S5).

Parameters for the viscoelastic branches (elastic moduli E,j, relaxation times t,;, and TTSP parameters) were determined
by performing a group of stress relaxation tests on the as-fabricated epoxy CANs around its network T,. The relaxation
curves are plotted in Fig. 8(a). Based on the time-temperature superposition principle (TTSP), each curve is shifted to the Tg
(27°C) to form a master relaxation curve Fig. 8(b)). The corresponding shifting factors are plotted in Fig. 8(c) as a function
of temperature. At temperatures above and below Ty, the shift factors are respectively captured by the WLF and Arrhenius
equations (Eq. ((30)). The corresponding parameters were determined to be AF./k,=-40070, c;=3.8, and c,=18.5 °C.

After obtaining the master relaxation curve, it is used to determine the modulus and relaxation times of each branch
using the nonlinear regression method. (Sherrod 2000, Diani et al. 2012). As shown in Fig. 9, when adding 11 nonequilibrium
branches, the model prediction curve rejoins with the experimental master curve. The corresponding Ej; and t; values are
listed in Table 1.

4.2. Conversion of the hydroxyl group during re-polymerization

The developed chemomechanics theory can be used to capture the network microstructure during the re-polymerization,
which is characterized by the conversion ratio of functional groups. In Fig. 10(a), the content of the hydroxyl group within
the system is represented by the absorbance peaks of the FTIR curves. It is observed that the hydroxyl content gradually
decreases as re-polymerization proceeds because the newly formed EG molecules evaporate out of the system. After being



X. Shi, D. Soule and Y. Mao et al./Journal of the Mechanics and Physics of Solids 138 (2020) 103918 13

o ; ¥ = v x — - ;-c_& 103:~—-;___\;-\\' T . . - 1 =
o
= = \ ‘
2 E \
3 3 10’}
v B~ \ -
= =
= = \\
e 5
?6 ‘('u' 10': 4
é x \
© @ : |
o & 1
10" T T T 107 ATy T,y
0.1 1 10 107 104 10 o a2
e Time(min)
¥ Y T - 1 — = = .
1 i Prediction
i Experiment
5 107
© 1 : ]
w 1 '
(18 _i J
& 10y -
1 3. '
! Arhenius equation ! WLF equation
! T\]\.\ o
! e
1074 " PR ,
-40 20 0 20 40 B0 80

Temperature(°C)

(c)

Fig. 8. (a) The relaxation moduli of viscoelastic branches; (b) Master curve after shifting each temperature to Ty (17°C). (c) Shift factor in each temperature.
Red circles are the experimental data, and the black solid line is the predictions of Arrhenius and WLF equation. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

W :
i g Experiment ‘
Prediction |
© |
% IC';‘*é |
0 i \
35 | ‘
g 10"+ .
= { f
| ‘i
IOG;_,___"__,___,_______'__‘___"“__"______,__H_‘
10° 10* 10! 108
Temperature®C

Fig. 9. Master curve fitting with 11 viscoelastic branches added into the model. Red circle line is model prediction, and the black solid line is the experi-
mental master curve. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



14 X. Shi, D. Soule and Y. Mao et al./Journal of the Mechanics and Physics of Solids 138 (2020) 103918

Table 1
Parameters in the multi-scale chemomechanics model.
Description Symbol Value
Parameters of the microscale model
Fitting parameter for K. a 8 x 10* m/s
Fitting parameter for K. a 9.5 x 104 J/mol
Energy barrier for solvent diffusion Eqs 34.2kJ/mol
Reference diffusivity Dy 3.23 x 10°5m?/s
Energy barrier for BER Eqp 8.15 kJ/mol
Monomer length b 1 nm
The largest monomer number in the polymer chains N 8
Rouse time of the shortest segment at Ty Tos 0.1s
Parameters of the continuum-level model
Parameter for volume shrinkage X 0.435
Activation energy of glass transition E, 23.6 kJ/mol
Parameter for T, 3 0.7
Parameter for Ty g1 21,100
Fitting parameter for Tg 2 11320
Equilibrium modulus of a fully cured network Ex 3.21 MPa
Parameter for equilibrium modulus By 13
Elastic moduli in each branch E,; 206, 240, 155, 80, 28, 18, 5, 0.6, 0.2, 0.501, 0.069 MPa
Relaxation times at Ty in each branch Ty 1x 1077, 1 x 1075, 1.5 x 107>, 6 x 107>, 6 x 1074,
3 x 1073, 2.5 x 1072, 2.5 x 1071, 2.5, 25, 600 s
Parameter of WLF equation C 3.8
Parameter of WLF equation cy 18.5°C
Parameter of Arrhenius equation AF/ky 40070
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Fig. 10. (a) FTIR traces to monitor the content of —~OH groups during epoxy re-polymerization. (b) Prediction on the conversion ratio of -OH group at
different re-polymerization temperatures.

heated at 200°C for 6 h, the hydroxyl content reaches the same level as that of the fresh sample, which suggests the network
microstructure is restored after recycling.

A close examination of the four possible BERs in Fig. 5 tells that the decreasing rate of EG molecules in the system is the
same as the forming rate of ester groups on the chain backbone. Therefore, the content of the hydroxyl group is in a linear
relationship with the DoC defined in Eq. (20):

_ ho —h(t)
P e =

where hg is the absorbance peak of decomposed polymer solution at the beginning of re-polymerization, and h, is the
absorbance peak of the fully polymerized network. The experimental data and model predictions of DoC at different re-
polymerization temperatures are compared in Fig. 10(b). It is seen that the predictions agree well with the experimental
results, where the conversion of the hydroxyl group first increases almost linearly with heating time and then slows down
as it approaching 100%. The ever-decreasing conversion rate is due to increased distance among reactive sites at the tail of
chain segments as the reaction proceeds.
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4.3. Evolution of the viscosity during re-polymerization

The measured solution viscosities at different heating temperatures (160°C, 180°C, 200°C) are plotted as dots in Fig 11 as
a function of time. During the re-polymerization, the short chain segments in the solution are connected by BERs. Therefore,
the average molecular weight and the solution viscosity are gradually increased. The increment rate is higher at higher
temperature due to the promoted rate of BERs and solvent evaporation.

Previous work (Rubinstein and Colby 2003) suggested that the viscosity of polymer solution, 7, is scaled to the average
molecular weight M by:

n = k,M*, (36)

where « is 3.4 which is the empirical constant, and k;, is a fitting parameter. The developed chemomechanics theory predicts
the content and length distribution of chain segments, which can be used to calculate the average molecular weight as:
M= Zﬁ\i] iC,»MﬂZf’:l C;. M; is the molecular weight of monomers, which is taken to be the average molar mass of DGEBA
and fatty acid (233 g/mol). As shown in Fig. 11, the model predictions agree well with the experimental data when k;, is
1 x 10~ mol/m/s.

4.4. Network volume shrinkage during the re-polymerization

During the re-polymerization of CANs, the Van-der-Waals interactions among chain segments converse into the cova-
lent bonding. Solvent molecules are generated and evaporated out of the system. Both two mechanisms lead to the volume
contraction of the resin. With a confined boundary condition, residual stress could be developed, which has been a major
concern during the manufacturing of thermosets and their composites. It is therefore important to reveal the relationship
between volume shrinkage and re-polymerization degree, which provide a guideline to design material and processing con-
ditions for homogeneous network structure and mechanical properties of recycled thermosets. The decomposed polymer
solution was initially heated at 200°C. After 4 hours, the samples passed gelation and were transferred to the DMA machine
to measure the volume shrinkage at 160, 180, and 200°C, respectively. The experimental data is shown in Fig. 12. The rate
of volume shrinkage is observed to increase with temperature. At 200°C, the sample volume is decreased by ~8% as the
re-polymerization completes at ~6 hours. The data is also compared with the model predictions (dashed lines), in which the
conversion ratio during the free-standing heating was first predicted, and then the volume shrinkage was calculated using
Eq. (22). The good agreement between model predictions and experiments suggests that for a re-polymerizing CAN with
solvent evaporation, the degree of volume shrinkage is still in a linear relation with the DoC.

4.5. Glass transition behaviors during the re-polymerization

The multiscale chemomechanics model was used to predict the glass transition behaviors of thermosets at different
stages of re-polymerization. For the continuum-level multi-branched model, the temperature-dependent storage modulus
Es, loss modulus E;, and tan?? are respectively expressed as:

N Eyjw’ty
w
= Eeq + Z ] +w2r2 (37a)
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N,
E = Xb: oty (37b)
—~ 1+ wt2’
j=1 vj
tand = E (37¢)
Es

where w is the testing frequency (1 Hz in the experiments).

The glass transition behavior of CAN at different stages of re-polymerization at 200°C was tested on the DMA machine,
and the experimental results are compared with model predictions in Fig. 13. It can be seen that the predictions on the
storage modulus and normalized tan § agree well with the experimental data ranging from —20 to 80°C. The network



X. Shi, D. Soule and Y. Mao et al./Journal of the Mechanics and Physics of Solids 138 (2020) 103918 17

34
1 ©
1 o 24 1
1 =
! o
| W |
1 11 |
‘\
54 Lines: Predictions | + Lines: Predictions
w‘ Dots: Experiments Dots: Experiments
0 T T T O 3, T T T
0 20 40 4] 20 40
Time (h) Time (h)
(a) (b)

Fig. 14. Predictions on the evolution of (a) T, and (b) equilibrium modulus for different re-polymerization time at 200°C; (e)-(f) Prediction on the storage
modulus and tan § curve of CANs at 17, 18, 19, 20, 21h’ re-polymerization respectively. Red circle lines are prediction lines, black solid lines are test data
lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

30 . : . ——

25-

I b=0.75nm
=-=-- b=1.00nm
--=-- b=1.63nm

b=2.25nm
} === b=3.50nm 7

T.{°C)
E,, (MPa)

— b=4.75nm

50 100 150
Time (h)

(@) (b)

Fig. 15. Predictions on the evolution of (a) Tg and (b) equilibrium modulus for networks with different chain segment length, b.

equilibrium modulus is taken to be the storage modulus at 80°C and the network T; is taken to be the temperature cor-
responding to the tan & peak. Fig. 13(d) shows that after being heated at 200°C for 6 h, the T and equilibrium modulus
of re-polymerized networks (26.2°C and 2.85 MPa respectively) are close to that of unprocessed epoxy (27°C and 3.21 MPa,
respectively), which suggests a nearly completed reaction.

The evolutions of network equilibrium modulus and T during the re-polymerization can be precisely predicted by the
model (Fig. 14(a) and (b)). It shows that at each temperature, the increment of T; and rubbery moduli of recycled epoxy
is faster at the early stage of re-polymerization and then slows down due to the consumption of available sites at the tail
of chain segments. A high temperature increases the rate of re-polymerization because of the promoted BERs and solvent
evaporation. With sufficient time of heating, the Ty and rubbery moduli at low temperature (160°C) still tends to reach the
same level as those of unprocessed epoxy.

4.6. Parametric studies on the material and processing conditions

Based on the developed chemomechanics theory, parametric studies are performed to uncover the relationships between
material properties, processing conditions, and recycling speed. In the first group of predictions, the average monomer
length, b, was varied between 0.75 and 4.75 nm to represent that the epoxy networks were fabricated with different
crosslinking densities. With the same segment number (N) between two crosslinkers, a smaller b value is corresponding
to a short distance between crosslinking sites and a higher network crosslinking density. The evolution of network T, and
equilibrium modulus with different crosslinking densities are shown in Fig. 15, where the ultimate equilibrium modulus
and Tg are in a linear relation with the crosslinking density. It is seen that a CAN with higher network crosslinking density
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re-polymerizes faster at the same temperature (200°C). For example, in Fig. 15(b), the re-polymerization time is taken to be
the time point when the network T reaches 90% of the ultimate value. It decreases from 42 h to 6.2 h when the monomer
length is decreased from 4.75 to 0.75 nm. For a CAN polymer with higher crosslinking density, the polymer solution con-
tains shorter segments after decomposition, which diffuse faster for chain connection reactions, leading to a higher rate of
network re-polymerization.

The choice of alcohol solvent also affects the recycling efficiency of CANs. Here, we assume that the different solvents
have the same BER reactivity but different molecular weights and evaporation rates. Fig. 16(a) and(b) shows the evolution
of network Ty and equilibrium modulus at 200°C when the mass transfer coefficient of solvent evaporation (Kc) varies
between 4 x 107 and 2 x 103 m/s (a lower mass transfer coefficient suggests lower evaporation rate of solvent). The
re-polymerization time, ty, is defined to be the heating time when the network T, reaches 90% of its final value. t; is
plotted in Fig. 16(c) as a function of the mass transfer coefficient. The results show that using an alcohol solvent with a
lower evaporation rate (i.e. a higher boiling point) leads to slower re-polymerization. This is because the excessive solvent
molecules accumulated in the system suppress the chain connection reaction and thus the overall re-polymerization process.
The recycling efficiency can be therefore promoted by using more volatile solvent or applying processing conditions to
encourage solvent evaporation (e.g. applying vacuum condition, blowing air on the sample surface). On the other hand,
Fig. 16(c) reveals that the re-polymerization time does not keep decreasing with the solvent evaporation rate. It tends to
saturate at 7.1 h when the mass transfer coefficient is above ~2 x 10> m/s. For such cases, while the solvent molecules
can easily evaporate from the system, the overall re-polymerization process is still limited by the BER kinetics at a given
temperature.

The type and content of BER catalyst in CANs is another parameter that affects the recycling rate. Increasing the catalyst
content or using organic catalyst will reduce the energy barrier for BERs within the network. In the parametric studies, the
BER activation energy, E,,, was set to decrease from 23.2 to 0.15 kJ/mol to represent the increasing catalyst content. The
evolutions of network Ty and equilibrium modulus at 200°C are shown in Fig. 17(a) and (b). The re-polymerization time, tp,
is summarized in Fig. 17(c) as a function of activation energy. With more BER catalyst presents in the network, the energy
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Fig. 17. Predictions on the evolution of (a) T, and (b) equilibrium modulus with different BER energy barrier. (c) The re-polymerization time as a function
of BER energy barrier.

barrier for the exchange reaction is lower, which greatly promotes the rate of chain connection reaction. However, the overall
re-polymerization time is still limited by the solvent evaporation rate. As shown in Fig. 17(c), ty decreases from 66 to 6.1 h
when the BER activation energy is below ~1.23 kJ/mol. Further decreasing the activation energy does not noticeably promote
the re-polymerization rate because the solvent generation rate is greater than the evaporation rate, and excessive solvent
molecules within the system tend to suppress the chain connection reaction.

5. Conclusion

In this paper, a multiscale chemomechanics modeling framework is developed to investigate the mechanics and physics
of the solvent-assisted recycling process of thermosets. In the microscale, the chemical reaction rate is formulated by con-
sidering the diffusivity and relative distance among reactive sites. Statistical analysis is performed to determine the content
and length distribution of chain segments. The conversion ratio of the functional group during the re-polymerization is used
to characterize the degree of curing, which is incorporated into the continuum-level model to capture the evolution of vol-
ume shrinkage, viscosity, and network glass transition behavior. The model shows close predictions on the experimental
results. Since the presented theory is based on the physics-based constitutive relations, it provides valuable insights to un-
derstand the influencing mechanisms of different material and processing conditions. For example, thermoset with a higher
crosslinking density re-polymerizes faster due to the fast chain connection reactions among short segments. The overall
recycling efficiency can be promoted by selecting processing conditions to increase the solvent evaporation rate and BER
kinetics. These fundamental findings and the developed computational tool in this paper will pave the road for the imme-
diate engineering applications of the green and sustainable recycling method of thermosets. They also provide a foundation
for our following study on the recycling of thick thermosets involving the diffusion-reaction problems and the evolution of
residual stress during the recycling of thermosets and composites.
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