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A B S T R A C T   

When recycling 昀椀ber-reinforced composites using depolymerized polymer solutions, oligomers reconnect 
through covalent bond exchange reactions (BERs), which ultimately forms a crosslinked network with me-
chanical properties comparable to those of virgin materials. This process offers exciting opportunities for the 
primary recycling of engineering composites, but it is intricately in昀氀uenced by a few material and process pa-
rameters, such as heating temperature, duration, and 昀椀ber volume fractions. These parameters collectively 
determine the matrix’s curing degree and the evolution of stress 昀椀elds around the 昀椀ber, which are signi昀椀cant 
factors determining the quality and mechanical performance of recycled composites. This study introduces a 
diffusion-reaction-mechanics 昀椀nite-element computational model to examine the solvent-induced repolymeri-
zation process in recycling composites. The model predicts the matrix curing degree, residual stress development 
around the 昀椀ber, and the composite’s mechanical properties, aligning with experimental results. Parametric 
computational studies are then conducted to assess the in昀氀uences of temperature, 昀椀ber content, solvent diffu-
sivity, and the reactivity of BERs. The objective is to identify material and processing conditions that ensure 
ef昀椀cient composite recycling while minimizing the development of residual stress. Overall, this study enhances 
our understanding of the mechanisms behind composite recycling using organic solvents and provides valuable 
insights for industrial stakeholders looking to optimize processing conditions and advance the commercialization 
and widespread adoption of this innovative recycling technique.   

1. Introduction 

Thermosetting composites offer a unique combination of character-
istics, including high strength, lightweight, thermal stability, and 
resistance to chemicals [1]. They have found widespread application in 
high-performance sectors such as automotive, construction, and sports 
engineering [2,3]. However, recovering valuable resources and carbon 
昀椀ber from composite scraps poses grand challenges due to the cross-
linked nature of the polymer matrix [4], which cannot 昀氀ow upon 
heating and thus cannot be reprocessed and recycled. As the utilization 
of thermoset composites continues to rise, the accumulation of their 
waste materials has reached a signi昀椀cant and concerning level. 

Existing mechanical [5–10], thermal, or chemical treatments 
[11–19] for composite waste, such as pyrolysis, solvolysis, or 昀氀uidized 
bed processes, have demonstrated the capability to decompose the 
thermoset matrix and recover embedded carbon 昀椀bers, but they typi-
cally demand harsh processing conditions of high temperature, pressure, 
and supercritical acid, which raise environmental concerns and pose 

economic challenges. For instance, in a standard pyrolysis procedure, 
the operating temperature often falls within the range of 400–700 çC 
depending on the composition of the composite waste. Furthermore, 
after the polymer matrix is completely decomposed, the resulting 
product comprises a complex mixture of gaseous, liquid, and solid 
chemicals. These byproducts are dif昀椀cult to purify and reuse, potentially 
leading to the generation of secondary waste streams. 

In recent years, innovative recycling methods based on solvent- 
assisted selective cleavage of chemical bonds have emerged [20–39]. 
The concept involves submerging composite scraps in an appropriate 
organic solvent at elevated temperatures. As solvent molecules diffuse 
into the matrix network, they react with speci昀椀c covalent bonds on the 
polymer chain backbone, leading to the cleavage of polymer chains. This 
process ultimately results in the depolymerization of the polymer matrix 
into soluble oligomers, allowing for the recovery of clean 昀椀bers. As 
notable examples, ester bonds are found in a wide variety of thermo-
setting polymers. Yu et al. [35] have demonstrated that such thermosets 
can be fully depolymerized using an alcohol solvent mixed with a 
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catalyst for transesteri昀椀cation. In comparison to traditional thermal and 
chemical waste treatments, solvent-assisted depolymerization typically 
employs mild processing temperatures and low-toxicity solvents, pro-
moting a green and sustainable approach to waste reprocessing. 
Furthermore, the depolymerization process can be reversible. By heating 
the depolymerized polymer solution in an open environment to 
encourage solvent evaporation, the network can be repolymerized with 
a nearly identical microscale network structure and mechanical strength 
[40–43]. This solvent evaporation-induced repolymerization process 
can be harnessed to create new composites using reclaimed feedstock 
resins, as illustrated in Fig. 1. 

The repolymerization process of the polymeric matrix plays a sig-
ni昀椀cant role in determining the quality of recycled composites. It in-
volves complex interactions among several factors, including the 
diffusion of reactive solvent, dynamic bond exchange reactions (BERs), 
and the evolution of stress 昀椀elds. These interactions are further in昀氀u-
enced by the content and arrangement of embedded carbon 昀椀bers. 
Firstly, since solvent evaporation drives the network’s repolymerization, 
the outer layers solidify rapidly, impeding solvent transport and the 
curing of polymeric materials beneath them. This non-uniform solvent 
content, functional group conversion, and network structure develop-
ment result in thickness-direction inhomogeneities. Using a lower pro-
cessing temperature can mitigate the formation of non-uniform material 
properties, but the tradeoff is the reduced repolymerization speed. 
Additionally, the presence of carbon 昀椀bers within the composite system 
blocks the transportation of solvent molecules and thus reduces the 
overall recycling speed. 

Secondly, if the precursor polymer solution contains a substantial 
amount of unreacted solvent, the repolymerization process leads to 
noticeable volume shrinkage and the development of residual stresses 
within the polymer matrix. These signi昀椀cant stress concentrations 
around the 昀椀bers can cause delamination between the 昀椀ber and matrix, 
as well as at the 昀椀ber-polymer interface. This, in turn, can result in 
potential void formation at the 昀椀ber/matrix interface, 昀椀ber misalign-
ment, and distortion of the fabricated composite structures. 

The intricate interactions during the repolymerization of thermoset 
composites impose challenges in identifying the optimal processing 
conditions for recycling. There is a pressing need for fundamental 
research to reveal the material-process-property relationships, which 
are essential for the production of high-quality recycled composites. It is 
also critical for industrial sectors looking to comprehend the recycling 
process and develop economically viable business models for large-scale 
engineering applications. However, to the best of our knowledge, there 
is no prior work that addresses the coupled diffusion, reaction, and 
mechanical aspects inherent to the solvent evaporation-induced repo-
lymerization process in recycling composites. 

In this paper, a 昀椀nite element analysis (FEA) computational model is 

de昀椀ned to study the repolymerization process of thermoset composites. 
An epoxy-based thermosetting polymer with transesteri昀椀cation-type 
BERs [44–47] is used as the material platform. The in昀氀uences of heat-
ing temperature on the residual stress development and the non-uniform 
material properties along the thickness direction are investigated. The 
computational model is shown to closely capture the experimental data. 
It is then employed to perform parametric studies to reveal the in-
昀氀uences of 昀椀ber content on the recycling rate of composites, as well as 
the development of residual stress around the embedded 昀椀bers. The 
in昀氀uences of solvent diffusivity and reactivity of transesteri昀椀cation are 
also presented. The study revealed in昀氀uencing mechanisms of various 
material and processing conditions, as well as the optimal processing to 
enable high-quality recycled thermoset composites. This research paves 
the way for the broader adoption of solvent-assisted recycling tech-
niques in addressing the issue of composite waste reduction. 

2. Materials and experimental methods 

2.1. Preparation of depolymerized polymer solution 

The repolymerization process started with a fully depolymerized 
epoxy solution. The epoxy materials used were the epoxy-based ther-
moset developed by Leibler and coworkers [44]. This thermoset was 
synthesized using the crosslinker fatty acids (Pripol 1040, Croda, 
Houston, TX), the epoxy monomer bisphenol A diglycidyl ether (DGEBA, 
Sigma Aldrich, St. Louis, MO), and the catalyst triazabicyclodecene 
(TBD) for transesteri昀椀cations (Sigma Aldrich). The detailed chemical 
structures of reactive monomers, catalyst, and the synthesized epoxy 
network are presented in the Supplementary Material (Section S1). 

As shown in Fig. 1a, the epoxy scraps were 昀椀rst immersed in ethylene 
glycol (EG) solvent at 180 çC for network depolymerization. An exces-
sive amount of solvent was used to ensure complete depolymerization of 
the network into soluble chain segments. The volume ratio between the 
polymer and solvent was 1:3. During the heating, the container was 
sealed to prevent solvent evaporation. Once the sample had fully 
depolymerized, the quantity of unreacted solvent molecules was deter-
mined, taking into account that the amount of reacted EG molecules 
equaled the amount of ester bonds present within the epoxy network. 

To mitigate signi昀椀cant volume shrinkage during the subsequent 
repolymerization process, the polymer solution was further heated at 
180 çC in an open environment. During this process, the mass reduction 
in the system primarily resulted from the evaporation of unreacted EG 
solvents. We closely monitored the weight of the mixture to ensure that 
the amount of unreacted EG solvent was negligible, and the system 
mainly contained cleaved polymer chains. 

Fig. 1. Fabrication of composites through solvent-evaporation induced epoxy repolymerization. (a) Depolymerizing ester-containing epoxy scraps in the 180 çC 
ethylene glycol solvent followed by evaporating excessive solvent. (b) Uniaxial carbon 昀椀ber fabric used as the reinforcing material. (c) Molding the epoxy solution 
with the 昀椀ber fabric, where the epoxy matrix gradually repolymerizes as the solvent evaporates from the top surface. (d) A 昀椀nished composite sample after trimming. 
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2.2. Characterizations of epoxy during the repolymerization 

The properties of pure epoxy during the repolymerization process 
were 昀椀rst characterized, including weight changes, volume shrinkage, 
residual stress, solvent diffusivity, and elastic modulus. All these pa-
rameters have been thoroughly tested in our previous studies using the 
same materials [48–50]. We brie昀氀y describe the experimental procedure 
here. Detailed experimental descriptions are presented in the Supple-
mentary Material (Section S2). 

The rate of weight loss and solvent evaporation was determined by 
monitoring the sample’s weight over time during the heating process. To 
determine the network volume shrinkage degree, the polymer solution 
was 昀椀rst heated until it reached the gelation point and could carry the 
load. It was then subjected to testing using Dynamic Mechanical Anal-
ysis (DMA, TA Instruments, New Castle, DE) at constant temperatures 
(160 çC, 180 çC, and 200 çC, respectively). When no force was applied, 
the sample was heated in a free-standing state, with the resulting volume 
change being recorded as a function of time. On the other hand, when 
the sample was 昀椀xed during the isothermal heating process, the stress 
accumulation within the network due to volume shrinkage was 
recorded. 

Solvent diffusivity within epoxy networks with varying degrees of 
curing was determined using the standard swelling tests in the EG sol-
vent. The elastic modulus of the thin-昀椀lm epoxy sample was determined 
through room-temperature uniaxial tension tests. To characterize the 
non-uniform material properties during the repolymerization of bulk 
epoxy, the polymer solution was poured into a mold. Subsequently, after 
heating for a given duration, the sample was extracted and sectioned 
into layers parallel to the thickness direction of the specimen. Each 
layer’s thickness was approximately 1.5 mm. These sliced samples were 
then subjected to DMA tests to evaluate their average elastic modulus. 

2.3. Characterizations of epoxy composites during the repolymerization 

Composite lamina samples were fabricated using the depolymerized 
polymer solution. The solution was poured into a mold with a unidi-
rectional 昀椀ber layer securely in the middle, with a 昀椀ber volume fraction 

of 37%. The mixture was then heated in an oven at 180 çC and 200 çC, 
respectively. The modulus of the composite lamina during repolymeri-
zation was characterized in the transverse direction of carbon 昀椀ber to 
determine the in昀氀uences of matrix curing. Periodically, the transverse 
modulus (within the 昀椀rst 1% strain) was measured using uniaxial ten-
sion tests at room temperature. 

3. Computational modeling 

3.1. Overview of the modeling framework 

The overall computational modeling framework of the composite 
repolymerization is shown in Fig. 2. In this study, the length of the 
composite lamina samples is signi昀椀cantly larger than the average cross- 
section size. When these composite samples are subjected to heating in 
an open environment, the repolymerization process mainly occurs on 
the top and bottom surfaces, while the reaction along the length direc-
tion is less pronounced due to the smaller evaporation area. Conse-
quently, the repolymerization process is taken to be a 2D plane-strain 
diffusion-reaction-mechanics problem. 

Within the modeling framework, individual 昀椀bers are assumed to be 
unreactive with solvent molecules, and their positions are 昀椀xed in space. 
For a fully depolymerized solution, the system is initially in an equi-
librium state. By applying a solvent evaporation boundary condition to 
the top surface, it prompts diffusion of solvent molecules in the vertical 
direction of the system, and the equilibrium of reversible reactions shifts 
toward chain connection. From the bottom to the surface, the solvent 
content gradually decreases, and the matrix degree of curing gradually 
increases. 

3.2. Continuum-level modeling 

3.2.1. Stress-strain relationships 
Since the modulus of the embedded carbon 昀椀ber is signi昀椀cantly 

higher than that of the epoxy matrix, and they do not react with the 
solvent, the carbon 昀椀ber is modeled as a rigid solid within the FEA 
model. For the matrix material, the total deformation gradient F can be 

Fig. 2. Overall modeling framework and the repolymerization mechanism of the matrix epoxy. (a) Schematic representation of a macroscopic composite lamina 
sample with continuous carbon 昀椀ber reinforcement. (b) A reduced-size representative FEA model to study the repolymerization process with a solvent-evaporation 
boundary condition applied to the top surface. (c) A schematic view of the network repolymerization. (d) The microscale transesteri昀椀cations of chain segments lead 
to chain connection. 
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decomposed as [51–53]:  
F = FMFV                                                                                      (1) 
where FM is the mechanical deformation gradient and gives rise to 
stresses. FV is the volume change of the matrix material due to the sol-
vent evaporation and network polymerization. 

Since the BERs effectively release the internal stress following an 
exponential function [47], the mechanical deformation gradient is 
further decomposed into an elastic and viscous part as a Maxwell 
element, namely FM = FeFv. The Cauchy stress is: 

σ(x, t)=
E(x, t)

3
FeFe

T − pI (2a)  

where p is a 昀椀tting parameter determined by the mechanical boundary 
condition. The elastic modulus is a function of network curing degree. 
According to the previous work [48], it scales to the network degree of 
curing as: 
E(x, t)=E∞P6α(x, t) (2b)  

where α is a correlation exponent, and E∞ is the modulus of a fully cured 
network. P is the degree of curing (varies from 0 to 100%) of the 
repolymerizing network, which depends on the reaction kinetics and 
will be introduced in detail in the following section. 

On the other hand, during the repolymerization, the average length 
of chain segments gradually increases, which in昀氀uences the relaxation 
time. According to the principles of polymer physics [54], the relaxation 
time for an entangled polymer melt scales with the number of Kuhn 
segments N (or the length of chain segments) as τM ~N2. Given these 
considerations, we propose the following relationship: 

τM = ξ

[
Nave(t)

N∞

]2

(k2NA)
−1 (3)  

where ξ is a 昀椀tting parameter to be determined from experiment. N∞ is 
the chain segment length of fully cured epoxy network. Nave is the cur-
rent average chain segment length. Detailed expressions of chain 
connection and cleavage rates, k1 and k2, will be addressed in the sub-
sequent section using microscale statistical analysis. 

3.2.2. Solvent transportation 
At a given material point with position x(x1, x2, x3), the trans-

portation of solvent within the system is assumed to adhere to Fick’s 
second law. The mole concentration of solvent molecules, denoted as 
Cs(x,t), can be described as follows: 
∂Cs(x, t)

∂t
=Ds(x, t)

∂2
Cs(x, t)

∂x2
+ ks(x, t) (4a)  

where Ds denotes the solvent diffusivity, and ks denotes the changing 
rate due to the transesteri昀椀cation BERs. Both parameters depend on the 
network curing degree, and thus are functions of position x(x1, x2, x3) 
and heating time t. 

The temperature dependence of Ds follows the Arrhenius law. Ac-
cording to Krongauz et al. [55], the solvent diffusivity is scaled with the 
network curing degree, P, by an exponential relationship. With these 
considerations, the Ds is formulated as: 

Ds(x, t)= Ds0
ÿÿÿÿ

Reference
Diffusivity

exp{β[1 − P(x, t)]}
ÿ���������������ÿÿ���������������ÿ

Repolymerization Curing
Degree

exp

[

−
Es

R(T + 273)

]

ÿ�����������������ÿÿ�����������������ÿ

Temperature

(4b)  

In the above equation, Ds0 represents the reference diffusivity at 140 çC, 
Es being the energy barrier, and R being the gas constant. β is a 昀椀tting 
parameter determined from experiment. 

3.2.3. Solvent evaporation 
The solvent evaporates on the surface of the sample. The solvent 

evaporation 昀氀ux, Je (mol/m2s), on the polymer-air interface is de昀椀ned as: 
Je(x, t) =KsCs(x, t) (5a)  

where Ks (m/s) is the mass transfer coef昀椀cient, which depends on the 
repolymerization temperature as: 

Ks(T)=Ks0 exp

[

−
Ek

R(T + 273)

]

(5b)  

where Ks0 is the reference mass transfer coef昀椀cient, and Ek is an energy 
term related to the temperature in昀氀uences. They are both determined 
through calibrating with the experimental data. 

3.2.4. Network volume shrinkage 
The network volume shrinkage during the repolymerization is 

assumed to be isotropic, i.e., 
FV = δvI (6a) 

As the solvent evaporates and the network repolymerization pro-
ceeds, the volume shrinkage occurs due to the loss of solvent molecules 
and network polymerization. In this study, we assume that these two 
processes are uncoupled when determining volume shrinkage. The 
changing rate of the volume shrinkage strain can be expressed as 
follows: 
Ûδv(x, t) =w1

ÛCs(x, t)Ms/ρs + w2
ÛP(x, t) (6b)  

where w1 and w2 are weight coef昀椀cients. Ms is the solvent molecular 
weight, ρs is the solvent density. 

3.3. Microscale reaction kinetics and degree of curing 

The network curing degree, P(x,t), is determined by considering the 
microscale reactions of chain cleavage and connection. It is noted that 
the solvent plays two roles in the re-polymerization process. Firstly, it 
acts as a reaction medium. Its evaporation induces a concentration 
gradient of monomers, thus affecting the reaction kinetics. Secondly, the 
solvent molecules participate in the reactions themselves. As depicted in 
Fig. 2d, when the monomers connect with each other during the re- 
polymerization reaction, solvent molecules are generated within the 
system. Without the evaporation of the solvent, the system remains in a 
dynamic equilibrium condition, and the degree of curing within the 
network will not increase. It is only after the solvent molecules evapo-
rate out of the system that the equilibrium shifts towards re- 
polymerization. 

At a speci昀椀c position, 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 昀椀rst diffuse towards another reactive site and then connect via 
BER. The reaction rate k1 (mol/s) for the chain connection (k1) can be 
written as: 

k−1
1 =NAt1 +NAtBER,with tBER = t0 BER exp

[
Eab

R(T + 273)

]

(7a)  

where t1 is the traveling time of a segment with i monomers to meet 
another reactive site at segment tails. Following our previous work [48], 
t1 = τi(CrNAb3)−4/3, with τi being the Rouse time of the segment i 
monomers, Cr being the concentration of segments at a continuum point, 
and b being the monomer length. tBER is the average time spent on a BER, 
with Eab being the BER energy barrier, and t0 BER being a time constant. 

For the chain cleavage reaction, the solvent molecules 昀椀rst diffuse 
towards an ester bond on the chain backbone and then break the chain 
via BER. The reaction rate k2 (mol/s) for the chain can be written as: 
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k−1
2 =NAt2 + NAtBER (7b)  

where t2 is the traveling time of the solvent molecule. t2 = 〈r2〉2/Ds, 
with 〈r2〉 being the average distance between an ester and solvent 
molecule. According to the theory of mean inter-particle distance, 〈r2〉 

=
���������������������4πCsNA/33: . 

On the other hand, Eq. (7a) implies that the repolymerization rate is 
only dependent on the local concentration of monomers, without 
considering their long-range diffusion within the system. In this model, 
we assume that the diffusion of monomers is very slow, and therefore, 
we do not take into account the potential impact of their diffusivity. 
However, when extending the modeling approach to different systems 
involving small molecule reactants, considering the long-range diffusion 
of monomers may be necessary. Additionally, it will be important to 
identify the gelation point of the matrix resin. Beyond the gelation point, 
the motion of larger molecular oligomers becomes coordinated within 
the system, which is fundamentally different from the diffusion of 
smaller monomers and may have a signi昀椀cant in昀氀uence on the overall 
network repolymerization kinetics. 

The rate constants are then employed in 昀椀rst-order reaction equa-
tions to model the content and length distribution of chain segments 
during the repolymerization process. As illustrated in the Supplemen-
tary Materials (Section S3), four types of BERs in昀氀uence the content of 
segments with i monomers: (a) a segment with i monomers reacts with 
an EG molecule, breaking into two shorter segments; (b) a segment with 
i monomers reacts with another chain segment, resulting in the forma-
tion of a longer chain segment and generating a new EG molecule; (c) 
two shorter chain segments react, forming a segment with i monomers 
and generating a new EG molecule; (d) a long chain segment reacts with 
an EG molecule, forming a segment with i monomers and another chain 
segment. At time t during the repolymerization process, the content of 
chain segments with i monomers, Ci, is determined as the summation of 
the reaction rates from these four reactions: 

ÛCi =−k2Ci
ÿ��ÿÿ��ÿ

ra
i

−k1Ci
ÿ��ÿÿ��ÿ

rb
i

+ k1

3i−1

j=1

Cj

(

Ci−j

/
3

m
Cm

)

ÿ�����������������������ÿÿ�����������������������ÿ

rc
i

+ k2

3N∞

j=i+1

Cj(2/(j − 1))

ÿ����������������ÿÿ����������������ÿ

rd
i

(8) 

Solving the above differential equations will determine the content 
and length distribution of chain segments, as well as the content of 
solvent molecules. The average chain segment length can be formulated 
as: 

Nave(t)=

3N∞

i=1iCi
3N∞

i=1Ci

(9) 

The degree of curing, P, which serves as the bridge between the 
microscale network structure and macroscopic material properties, is 
de昀椀ned based on the amount of ester groups on the segment backbone, 
3

i=2
(i− 1)Ci(t), normalized by its 昀椀nal value in the fully polymerized 

network: 

P=

3N∞

i=2(i − 1)Ci

(N∞ − 1)CN∞

(10)  

In the initial state, the system contains only the fully depolymerized 
segments (i = 1) without ester bonds, so the network repolymerization 
degree is zero. When the network is full cured, we assume that all chain 
segments are linked to form long chains with a uniform maximum length 
denoted as N∞, and their volume fraction is CN∞

. In this scenario, the 
network repolymerization degree is one. 

The reaction rates of four possible reactions in Fig. S3 also determine 
the changing rate of solvent content (Cs) at a material point mentioned 
in Eq. (4) as: 
ks(x, t)=

3

i=1

(
ra

i − rb
i + rc

i − rd
i

) (11)  

3.4. Finite element modeling approach 

In the realm of FEA computational studies, there exists a wealth of 
research to address the coupled diffusion reaction problems [56–61]. 
While these investigations have greatly advanced our understanding of 
multifaceted phenomena, our approach in this study takes a simpli昀椀ed 
path for analytical convenience. We assume that the processes of solvent 
transport and the development of the mechanical stress 昀椀eld are 
uncoupled in each numerical step. This choice is underpinned by two 
key considerations: 昀椀rst, the solvent transportation within the system is 
extremely slow compared to the pace of chemical reactions. Within each 
numerical step, the local solvent content within the 昀椀nite elements can 
be safely considered as a constant. Secondly, the magnitude of the stress 
昀椀eld generated during the repolymerization process is relatively small, 
which is unlikely to exert a signi昀椀cant in昀氀uence on the ongoing chem-
ical reactions. 

The diffusion partial differential equations (Eqs. (1) and (2)) are 
solved using a customized 昀椀nite element code in MATLAB with 2D 
triangular elements. The solvent content at the 昀椀nite element nodes at x 
(x1, x2, x3) is represented by the vector c = [Cs1,…Csn], with n being the 
number of nodes in each element. The element governing equation is 
written as:in the above equations, N = [N1(x1, x2, x3),…Nn(x1, x2, x3)] is 
the shape function of the adopted 昀椀nite elements. B is the element shape 
matrix with Bij = ∂Ni/∂xj. D is the diffusivity matrix. With the 
assumption of isotropic materials, we have Dij = Dsδij. 

On the surface of the model, the solvent evaporation imposes a 
natural boundary condition, which can be formulated as: 

Ds

dCs

dn
= − Je = −KsCs (13) 

The development of stress 昀椀eld modeled as a static problem within 
each numerical step. The displacement vector at the nodes at x(x1, x2, 
x3) is d = [u11, u12… un1, un2]. Without considering surface pressure or 
body force, the element governing equation is written 
kCd= 0 (14a)  

with kC =

+++

V

BCB
T dV (14b)  

C is the elasticity matrix for 2D plane strain problem. 
During the numerical analysis, the solvent content of each element is 

initially calculated based on Eq. (4), incorporating the solvent evapo-
ration boundary condition described in Eq. (13). Subsequently, the 
content and average length of chain segments are updated by the 
microscale reaction kinetics equations (Eqs. (7), (9) and (10)), which 
serve as internal state variables. These state variables are then utilized to 
compute the network modulus, volume shrinkage strain, and stress 
relaxation time using Eqs. (1)–(3). The development of the stress 昀椀eld 
within the FEA model is determined using Eq. (14). To ensure the cal-
culations on Cauchy stress in the current con昀椀guration, node displace-
ment and current positions are updated in each numerical step, which is 
used to create the reference con昀椀guration and calculations on the new 
stress values. 

4. Results and discussions 

4.1. Repolymerization kinetics and properties of epoxy matrix 

The repolymerization kinetics and property evolutions of epoxy 
matrix were 昀椀rst investigated with several key experiments to determine 
model parameters. First, a fully cured epoxy sample was subjected to 
swelling tests in EG solvent. Fig. 3a presents the normalized mass 
increment and diffusivity as functions of temperature. This dataset 
enabled the determination of the reference solvent diffusivity Ds0 =
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Fig. 3. Epoxy characterization at varied temperatures and degrees of curing. (a) Mass increment and diffusivity of fully cured epoxy at different temperatures. (b) 
Mass increment and diffusivity of epoxy with varying degrees of curing, conducted at a testing temperature of 100 çC. (c) Mass dropping rate of depolymerized epoxy 
solution during the solvent evaporation process, alongside the corresponding measured mass transfer coef昀椀cients at different temperatures. 

Fig. 4. Predictions and experimental data for re-polymerization and stress evolution in epoxy. (a) Predictions of network volume change during re-polymerization. 
Dashed lines represent model predictions, while dots represent experimental data. (b) Evolution of residual stress during the re-polymerization of epoxy samples. 
Solid lines denote model predictions, and dashed lines represent experimental data. Network modulus evolution in the 昀椀rst four curing layers during bulk epoxy re- 
polymerization at (c) 180 çC and (d) 200 çC. (e) Simulated network degree of curing after heating at 180 çC for 30 h. 

C. Chung et al.                                                                                                                                                                                                                                  



Materials Today Sustainability 26 (2024) 100792

7

10−12 m2/s at 140 çC and the energy barrier Es = 83.2 kJ/mol in Eq. 
(4b). 

Second, elastic moduli of epoxy samples after being heated for 
different times were tested, which determined the network degree of 
curing using Eq. (2b) with α = 0.16. Subsequently, these samples were 
subjected to swelling tests at 100 çC. The normalized mass increment 
and the diffusivity are presented in Fig. 3b as a function of temperatures. 
This dataset determined the scaling factor for solvent diffusivity in Eq. 
(4b) as β = 0.437. 

Third, the depolymerized polymer solution was heated at a speci昀椀c 
temperature, and the mass loss due to EG solvent evaporation was 
recorded over time. As shown in Fig. 3c, each curve at a distinct tem-
perature is used to determine the mass transfer coef昀椀cient, Kc (m/s), for 
solvent evaporation, which subsequently determined the reference mass 
transfer coef昀椀cient Ks0 = 4 × 10−8 m/s at 140 çC and the energy barrier 
Ek = 95 kJ/mol in Eq. (5b). 

The evolution of the volume shrinkage strain of the epoxy network 
during the repolymerization process was characterized. Initially, the 
depolymerized polymer solution was heated to 200 çC. After the samples 
reached a state of gelation, they were subsequently transferred to the 
DMA tester. Measurements of volume shrinkage were taken at temper-
atures of 160 çC, 180 çC, and 200 çC, respectively. The experimental 
data is plotted in Fig. 4a as dots. 

The experimental results show that the rate of volume shrinkage 
increases with the repolymerization temperature. Speci昀椀cally, at 200 çC, 
the sample’s volume reduces by approximately 8% after being heated 
for 6 h. The degree of the subsequent volume shrinkage does not change 
notably, which suggests near-complete repolymerization of the epoxy 
network. The observed volume shrinkage is attributed to two mecha-
nisms, namely (i) the solvent evaporation and (ii) the transition of weak 
Van-der-Waals interactions among chain segments into covalent 
bonding. These two mechanisms are mathematically formulated in Eq. 
(6b), incorporating weight factors denoted as w1 and w2, respectively. 
Upon setting w1 = 0.2 and w2 = 0.8, it is observed that the model pre-
dictions (represented by solid lines in the 昀椀gure) closely align with the 
experimental results across different temperatures. 

When the repolymerization process takes place within a con昀椀ned 
environment, the tendency of network volume shrinkage results in the 
development of residual stress within the epoxy matrix, which is a 
notable concern in the manufacturing of thermoset composites. The 
experimentally measured residual stress is plotted as a function of 
heating time in Fig. 4b. It is seen that during the early stages of repo-
lymerization, the residual stress increases almost linearly due to solvent 
evaporation and network shrinkage. However, since the TBD catalyst 
does not evaporate, the network can undergo transesteri昀椀cation BERs, 
which effectively releases the internal stress. Consequently, the internal 
stress starts to decrease after reaching its peak value. This phenomenon 
suggests that the connections of chain segments and the network repo-
lymerization are faster mechanisms compared to the bond exchanges 
among macromolecular polymer chains. 

While the internal stress in the epoxy networks can eventually be 
released, the peak stress varies at different repolymerization tempera-
tures. For instance, at 200 çC, the peak stress can reach 0.12 MPa due to 
the faster volume shrinkage of the network, which will likely result in 
sample failure with restrained boundary conditions, especially when the 
temperature signi昀椀cantly exceeds the network’s transition temperature, 
and the material is brittle. On the other hand, lower temperatures result 
in the gradual development of residual stress that can be readily released 
by BERs, but the overall repolymerization process is slow. The solid lines 
in Fig. 4b represent the predictions of the modeling framework. By 
adjusting the scaling factor ξ of Eq. (3) to be 4.62 × 105, the developed 
model can precisely capture evolution of residual stress and peak stress 
during the repolymerization at different temperatures. 

All the material parameters involved in the modeling framework are 
listed in Table 1. With the determined parameters, the thermomechan-
ical properties of the bulk repolymerizing samples with nonuniform 

curing degrees along the thickness direction were studied. The evolu-
tions of the elastic moduli of the 昀椀rst four curing layers close to the top 
surface are plotted in Fig. 4c and d, wherein the repolymerization 
temperature is 180 çC and 200 çC, respectively. The close comparison 
suggests that the developed constitutive modeling framework is ef昀椀cient 
to capture the nonuniform distribution of material properties during the 
repolymerization of bulk epoxy samples. 

From the 昀椀gure, it is observed that the 昀椀rst curing layer on the top 
surface of the epoxy sample polymerizes 昀椀rst. With suf昀椀cient heating 
time (e.g., ~30 h at 200 çC), the modulus of the 昀椀rst curing layer reaches 
the same level as the unprocessed sample (~1.5 MPa). Increasing tem-
perature from 180 çC to 200 çC increases the curing speed of each layer, 
but the delay in the repolymerization between the 昀椀rst and the rest 
curing layers tends to be the same. In other words, a higher temperature 
did not lead to more uniform material properties during the process. 
This is because after a stiff curing layer quickly formed on the surface 
(Fig. 4e), which blocks the transportation of the solvent molecules due to 
the lower solvent diffusivity and thus suppresses the curing of the bot-
tom materials. 

4.2. Repolymerization kinetics of composite lamina: a reduced-order 
computational model 

Applying the effective parameters, the developed FEA computational 
model is utilized to study the repolymerization process of fabricated 
composites containing 37% carbon 昀椀ber. A signi昀椀cant challenge arises 
when attempting to accurately model the arrangement of 昀椀bers within 
the composite and establish the model itself. For instance, in the case of 
the 37% composites with a thickness of 3 mm, each carbon 昀椀ber has a 
diameter of 7 μm. Within a 3 mm-by-3mm cross-sectional area, there 
exist over thirty thousand 昀椀bers. A comparable mesh size as the 昀椀ber 
diameter would yield millions of elements, which poses challenges for 
both meshing the model and conducting FEA simulations. 

To tackle this challenge, we examined the effectiveness of several 
reduced-size FEA models. In our recent computational study [62], it was 

Table 1 
All the material parameters in the modeling framework.  

Parameters Values Description 
Continuum-level modeling 
"Stress-strain relationships 
E∞ 1.5 MPa Equilibrium modulus of a fully cured network 
α 0.16 Scaling factor betwee network modulus and curing 

dergee 
ξ 4.62 × 105 Scaling factor of network stress relaxation time 
"Solvent transportation 
Ds0 1 × 10−12 m2/ 

s 
Reference solvent diffusivity 

β 0.437 Scaling factor for solvent diffusivity 
Es 83.2 kJ/mol Activation energy for solvent diffusion 
R 8.31 

Jmol−1K−1 
Gas constant 

"Solvent evaporation 
Ks0 4 × 10−8 m/s Reference value of mass transfer coef昀椀cient Kc 
Ek 95 kJ/mol Activation energy of Kc 
"Network volume shrinkage 
w1 0.2 Weight coef昀椀cient for the contronution of solvent 

content 
w2 0.8 Weight coef昀椀cient for the contronution of network 

polymerization 
Ms 116.88 g/mol Solvent molecular weight 
ρs 1.11 × 106 g/ 

m3 
Solvent density 

Microscale chain cleavage and reconnections 
b 1 nm Average length of monomers 
t0_BER 3.23 × 10−2 s Time constant for BERs 
Eab 8.15 kJ/mol Energy barrier for BERs 
τ0s 60 s Rouse time of the shortest chain segment 
N∞ 10 Number of monomers between two crosslinkers  
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revealed that the randomness of 昀椀ber positioning over the composite 
cross-section has a negligible in昀氀uence on solvent diffusion and the 
composite recycling kinetics. As a result, in this study, we assume that 
the 昀椀bers are neatly arranged with even spacing. Consequently, the 
reduced-size FEA model considers only a half strip along the composite 
thickness direction, with symmetric boundary conditions applied. The 
model height (1.5 mm) is half of the sample thickness, and solvent 
evaporation boundary conditions are applied to the top surface. 

With a 昀椀xed height of the FEA model, the diameter of the embedded 
昀椀bers is varied, while their total volume fraction is kept at 37%. When 
using a larger diameter for the equivalent 昀椀ber, the required amount of 
昀椀ber decreases, and the FEA model is simpli昀椀ed. In the Supplemental 
Material (Section S4), we present a comparison of the simulated repo-
lymerization processes using these reduced-size FEA models. Specif-
ically, we tracked the evolution of the matrix curing degree and the 
changes in peak stress around the carbon 昀椀ber. The results reveal that as 
the amount of 昀椀ber increases from one, the repolymerization process 
slows down. However, when the 昀椀ber count is more than seven, the 
evolutions of curing degree and peak stress are close to each other, 
which suggests a convergence of the sizing effect for the FEA model. This 
also suggests that the blocking effect of 昀椀ber on composite recycling 
might be independent of 昀椀ber diameter, depending only on the 昀椀ber 
volume fraction. 

Based on this comparative analysis, the FEA model with seven car-
bon 昀椀bers is utilized for subsequent computational studies, as shown in 
Fig. 5a. For composites featuring 37% carbon 昀椀ber, the diameter of the 
equivalent 昀椀ber is set at 71 μm. In addition to the model and boundary 
conditions, the 昀椀gure also marks several tracking nodes that are of 
particular interest for studying the repolymerization process. Tracking 
nodes A1 through A8 are on the left side of the model and are employed 
to investigate the progress of the matrix curing degree. Meanwhile, 
tracking nodes B1 through B7 are positioned along the top of the 昀椀ber, 
and nodes C1 through C7 are located on the side of the 昀椀ber. These sets 
of nodes are placed at locations with intense stress concentration. 

Fig. 5b shows the evolution of the material curing degree at Tracking 
nodes A1 through A8. It is observed that the initial curing speed at each 
of these nodes remains constant. Later the increments slow down due to 
the reduced solvent diffusivity and a slower chain connection rate 

within the curing network. Tracking node A1 on the top surface exhibits 
the highest curing degree over time. The remaining tracking nodes 
experience delayed curing processes, but their differences in the evo-
lution of curing degree are getting smaller. This phenomenon is attrib-
uted to the blocking effect of top curing layers on the diffusion-reaction 
process. 

Fig. 5c shows the evolution of Mises stress at Tracking nodes B1 
through B7 and C1 through C7. Several interesting observations can be 
made. First, stress values at these nodes initially increase due to solvent 
evaporation-induced volume shrinkage, followed by a subsequent 
decrease because of BER-induced stress relaxation. For carbon 昀椀bers 
located near the evaporation surface, there is a higher stress concen-
tration on the top side compared to the left side (Bi v.s. Ci). In contrast, a 
carbon 昀椀ber located deeper within the composite material exhibits 
similar stress values on both the top and left sides. Second, as moving 
deeper into the composite material, the magnitude of the peak stress 
around the 昀椀ber is getting smaller. This happens primarily because BERs 
release signi昀椀cant stress before the curing front reaches the speci昀椀c 
location and introduces substantial volume shrinkage. Third, it is 
important to note that a curing degree close to one does not necessarily 
mean that the composites are ready for use. There is still signi昀椀cant 
stress concentration around the 昀椀ber. The distributions of Mises stress 
and curing degree for the top unit cell are shown in Fig. 5d and e, 
respectively. After being heated at 180 çC for 12 h, it is evident that most 
of the resin is fully cured, namely the chain lengths have reached their 
maximum level. However, stress levels around the 昀椀ber remain signi昀椀-
cant. Considering the modulus of fully cured epoxy is around 1.5 MPa, 
the stress concentration of 0.14 MPa corresponds to roughly a 10% 
strain. Unloading at this stage would likely lead to crack propagation 
and 昀椀ber debonding from the matrix material. These simulation results 
suggest that, in addition to the matrix curing degree, it is also essential to 
consider the residual stress within the composite when determining the 
required heating time. 

After heating the samples at a speci昀椀c temperature for a given time, 
the composite lamina is stretched in the transverse direction to assess its 
modulus. Fig. 5f shows the transverse modulus of the composite lamina, 
normalized by the value of an as-fabricated sample (2.1 MPa), in both 
experiments and simulations. In the simulations, the FEA model is 

Fig. 5. Computational model details and simulation results. (a) The reduced-size FEA computational model with seven equivalent 昀椀bers aligned in the thickness 
direction. The 昀椀ber volume fraction is 37%, and the model height is 1.5 mm, with an equivalent 昀椀ber diameter of 71 μm. (b) Evolution of degrees of curing at 180 çC 
at eight Tracking nodes (A1-A8) marked in Figure a. (c) Evolution of local Mises stress at 180 çC at Tracking nodes (B1–B7 and C1–C7). (d) Simulated distributions of 
Mises stress around the 昀椀rst carbon 昀椀ber within the FEA model. (e) Simulated distributions of matrix degree of curing around the 昀椀rst carbon 昀椀ber within the FEA 
model. (f) Predicted normalized transverse modulus at various heating times at 180 çC. 
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subjected to a displacement boundary condition in the horizontal di-
rections. Stress responses are calculated, and the modulus is determined 
within the initial 1% strain. It is seen that the model closely captures the 
experimental results without any parameter adjustments involved, 
which proves the effectiveness of the developed computational model 
and associated parameter in studying the repolymerization process of 
composite materials. 

4.3. Parametric study to reveal the repolymerization mechanisms 

4.3.1. In昀氀uence of 昀椀ber volume fraction and heating temperature 
The reduced-size FEA model with seven equivalent carbon 昀椀ber is 

employed to conduct parametric computational studies to examine the 
in昀氀uences of 昀椀ber volume fraction and temperature on the repolyme-
rization process. Fig. 6a shows the required heating time, de昀椀ned as the 
point at which the degree of curing for all elements exceeds 0.9 and the 
Mises stress for all elements falls below 0.05 MPa. The 昀椀gure also pre-
sents the energy consumption associated with the repolymerization 
process. In this study, heating of the composite samples was carried out 
using a 1.9 cu. ft. oven (Across International, NJ, USA) with an 
approximate surface area of 0.14 m2. The energy consumption was 
estimated by calculating the heat loss during free natural convection of 
the oven at a constant temperature. The heat transfer coef昀椀cient for the 
metal is assumed to be 20 W/(m2K). Based on the Newton’s Law of 
Cooling, the required energy input is calculated as the heating time 
multiplied by the surface area and the temperature difference between 
the oven and room temperature. 

The results indicate that with a constant 昀椀ber volume fraction, the 
required heating time for the composite repolymerization initially de-
creases as the heating temperature rises and then undergoes a slight 
increase. For instance, at a 昀椀ber content of 60%, the shortest heating 
time is approximately 25 h at 230 çC, whereas at 260 çC, the required 
heating time for complete repolymerization extends to 33 h. The initial 
reduction in heating time can be attributed to the accelerated solvent 
diffusion and chain connection reactions at higher temperatures, 

resulting in a faster curing process. However, when the temperature is 
signi昀椀cantly increased to 260 çC, the uppermost layers cure 昀椀rst, 
forming a rigid material that blocks solvent evaporation and hinders the 
curing of the epoxy layers beneath them. 

Another important factor contributing to this trend is the high stress 
concentration developed around the carbon 昀椀ber. Fig. 6b plots the 
matrix curing degree at Tracking node A8 and the evolution of the Mises 
stress at Tracking node B1. At 260 çC, although the matrix material can 
be fully cured relatively quickly within 7 h, the peak stress around the 
carbon 昀椀ber remains notably high at approximately 0.35 MPa. As a 
result, additional heating time is needed for the BERs to release the in-
ternal stress and meet the criteria for minimal residual stress after 
repolymerization. The extended heating time results in a signi昀椀cant 
increase in energy consumption. As shown in Fig. 6a, the lowest energy 
consumption at 190 çC is around 12 kJ, while it nearly doubles to 23 kJ 
at 260 çC. Conversely, at lower temperatures, where the peak stress 
during repolymerization remains relatively low at around 0.05 MPa, the 
overall network curing process is slow, which leads to an extended 
heating time and higher energy consumption. 

Additionally, Fig. 6a highlights that the 昀椀ber content in昀氀uences the 
repolymerization speed at lower temperatures, particularly below 
190 çC. At these lower temperatures, the presence of 昀椀ber signi昀椀cantly 
blocks the diffusion of solvent and thus reduces the rate of chain con-
nections. Fig. 6c plots the evolutions of the matrix curing degree at 
Tracking node A8 and the evolutions of the Mises stress at Tracking node 
B1. It is shown that a higher 昀椀ber volume fraction delays the curing 
process of the matrix material, but the overall peak stress remains 
relatively consistent across different cases. Above 190 çC, solvent 
diffusivity is no longer the limiting factor. The overall repolymerization 
process becomes predominantly governed by temperature. As a result, 
all cases exhibit nearly identical required heating times. 

4.3.2. In昀氀uence of solvent diffusivity and heating temperature 
Parametric computational studies were conducted to investigate the 

effects of solvent diffusivity and heating temperatures on the 

Fig. 6. Parametric study results. (a) The required heating time and energy consumption as functions of heating temperature and 昀椀ber volume fractions. (b) Evo-
lutions of the degree of curing at tracking node A8 and (c) evolutions of local stress concentration at tracking node B1. In Figure a, the 昀椀ber volume fraction is held 
constant while varying the heating temperature. In Figure b, the heating temperature is kept constant while varying the 昀椀ber volume fraction. 
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repolymerization of composites with a 37% carbon 昀椀ber content. In the 
experimental case, the reference diffusivity at 140 çC was determined to 
be Ds0 = 10−12 m2/s. Throughout the parametric studies, this reference 
diffusivity varied within the range of 0.01Ds0 to Ds0. Their temperature 
dependency still follows the same Arrhenius-type superposition rule. 
The corresponding reference mass transfer coef昀椀cient is changed by the 
same magnitude compared to the experimental case. Lower diffusivity 
corresponds to the use of solvents with a higher molecular weight or a 
lower solubility in the epoxy matrix, as indicated in our previous 
research [50]. The temperature range for these parametric studies is 
extended from 170 çC to 210 çC. Fig. 7a shows a contour plot of the 
required heating time for complete repolymerization with >0.9 matrix 
curing degree and <0.05 MPa residual stress, while Fig. 7b displays the 
peak stress during the repolymerization process on the top side of the 
昀椀rst carbon 昀椀ber (at Tracking node B1), near the evaporation surface. 

The simulation results reveal that the repolymerization rate in-
creases with higher solvent diffusivity and temperature. A higher solvent 
diffusivity allows the EG molecules generated after chain connection 
reactions to rapidly diffuse out of the system, thereby shifting the system 
equilibrium toward repolymerization. An elevated temperature not only 
enhances the solvent diffusion and evaporation but also accelerates the 
BERs for chain connection reactions. The parametric studies also reveal 
the distinct zones for the in昀氀uences of solvent diffusivity and tempera-
ture. The boundary between these zones is highlighted with white 
dashed lines in Fig. 7a. Within Domain I, lower solvent diffusivity results 
in signi昀椀cantly longer heating times required to completely repoly-
merize the epoxy matrix. This occurs because a substantial quantity of 
EG molecules is generated and accumulates within the system, 

inhibiting chain connection reactions and promoting chain cleavage. 
Increasing the temperature in these cases does not signi昀椀cantly promote 
the repolymerization speed. Therefore, within Domain I, the limiting 
factor for the repolymerization process is solvent diffusivity. 

The overall repolymerization speed within Domain II increases with 
temperature, indicating that temperature becomes the limiting factor. 
However, when it comes to Domain III, the decreases in the required 
heating time are less pronounced. This is primarily due to the high peaks 
stress levels developed within the model, as shown in Fig. 7b. In com-
parison to the cases in Domain I, the peak stress within Domain III in-
creases to approximately 0.22 MPa, representing a 昀椀vefold increment. 
This requires additional heating time to fully release the internal re-
sidual stress. Consequently, the limiting factor for the overall recycling 
speed in Domain III shifts from insuf昀椀cient temperature to excessive 
stress concentration developed around the 昀椀ber. 

To further clarify the underlying mechanisms, four representative 
cases have been selected from the parametric studies, which are marked 
in Fig. 7a. Their evolutions of network curing degrees on Node A8 and 
the evolutions of Mises stress on Node B1 are respectively plotted in 
Fig. 7c and d. For Case ① that is located near the boundary of Domain I, 
the processing conditions involve a lower temperature (180 çC) and a 
low diffusivity (0.03Ds0). The curing process notably extends to 
approximately 150 h. Given the low peak stress of 0.75 MPa within the 
composites, the slow repolymerization process is primarily attributed to 
slow solvent transportation, evaporation, and chain connection re-
actions. In case ②, the temperature is increased to 210 çC, and the 
solvent diffusivity reaches Ds0. While most of the matrix materials ach-
ieve a curing degree above 90% within 5 h of heating, the peak stress 

Fig. 7. Parametric study results at 200 çC with different heating times and solvent diffusivities. (a) Contour plot illustrating the required heating time for complete 
curing of the composite lamina. (b) Contour plot depicting the peak stress within the FEA model. (c) Evolution of the degree of curing at tracking node A8. (d) 
Evolution of local stress concentration at tracking node B1. Repolymerization conditions for the four cases are indicated in Figure (a). 
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around the 昀椀ber is up to 0.25 MPa. This elevated stress increases the risk 
of matrix fracture and 昀椀ber/matrix debonding. An additional 20 h of 
heating is required to fully release the accumulated stresses, extending 
the overall heating time signi昀椀cantly. 

In comparison, Case ③ uses the same temperature of 210 çC, but with 
a much lower solvent diffusivity of 0.01 Ds0. In this case, the peak stress 
is reduced to 0.15 MPa, with the overall heating time maintained around 
30 h. The optimal processing condition revealed in the 昀椀gure is for Case 
④, where the temperature is 170 çC, and the solvent diffusivity is Ds0. 
Despite the lower processing temperature compared to Case ③, the 
sample is still able to be fully cured within 30 h, and the highest peak 
stress is signi昀椀cantly lower at 0.07 MPa. Furthermore, the curing speed 
of the top surface at the moderate temperature is slower, which en-
courages solvent transportation and evaporation, and promotes the 
overall sample repolymerization speed. These conditions are considered 
both safe and energy-ef昀椀cient for composite manufacturing. The com-
parison between Case ④ and Case ③ also suggests that, when it comes to 
reducing the residual stress within composites while maintaining overall 
repolymerization ef昀椀ciency, lowering the temperature is a more effec-
tive approach than reducing solvent diffusivity. 

4.3.3. In昀氀uence of reaction rate and heating temperature 
The effects of BER rate and heating temperatures on the repolyme-

rization of composites with 37% carbon 昀椀ber have also been studied. 
Within the developed computational model, the rates of BER-induced 
chain connection and cleavage are formulated in Eq. (7a) and Eq. 
(7b), respectively. During the parametric studies, these reaction rates 
are both multiplied by a dimensionless factor, the normalized reaction 

rate (fk), which varies from 0.1 to 3.1. A higher factor indicates a higher 
BER reactivity at equivalent temperatures. This can be achieved by 
increasing the catalyst content in the fabricated epoxy network or by 
using other dynamic covalent bonds with lower activation barriers. The 
temperature range for these parametric studies extends from 170 çC to 
260 çC. Fig. 8a presents a contour plot of the required heating time for 
full repolymerization, while Fig. 8b displays the peak stress during the 
repolymerization process on the top side of the 昀椀rst carbon 昀椀ber at 
Tracking node B1. 

The results indicate that increasing the reactivity of the BER and 
temperature both have equivalent effects in promoting the repolymeri-
zation speed. Similar to the previous section, the contour plot in Fig. 8a 
also reveals three distinct domains of in昀氀uence: one dominated by 
reactivity, one by temperature, and one by the high residual stress 
around the carbon 昀椀ber. Four representative cases have been selected 
from the parametric studies and are marked in Fig. 8a. The evolutions of 
network curing degrees on Node A8 and the evolutions of Mises stress on 
Node B1 are respectively plotted in Fig. 8c and d. It also reveals that the 
optimal material and processing conditions are located on the top-left 
corner of the contour plot, as indicated by Case ④. The high reactivity 
enhances chain connection reactions and overall repolymerization ki-
netics. The relatively low processing temperatures help prevent the 
development of intense stress concentration around the 昀椀ber and reduce 
the additional heating time required for stress relaxation. It also miti-
gates the formation of a top surface 昀椀lm, thereby promoting solvent 
evaporation from the composite surface. 

Fig. 8. Parametric study results at 200 çC with different heating times and reactivity. (a) Contour plot of the required heating time for complete curing of the 
composite lamina. (b) Contour plot of the peak stress within the FEA model. (c) Evolution of the degree of curing at tracking node A8. (d) Evolution of local stress 
concentration at tracking node B1. Repolymerization conditions for the four cases are indicated in Figure (a). 
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5. Conclusion 

In this study, a physics-based computational model that integrates 
diffusion-reaction-mechanics principles is developed to study the sol-
vent evaporation-induced repolymerization mechanisms of epoxy 
composites embedded with carbon 昀椀ber. The 昀椀nite-element modeling 
framework establishes connections between microscale bond-exchange 
kinetics, solvent diffusion and evaporation, and continuum-level com-
posite properties, including the degree of curing in the matrix and stress 
concentrations around the carbon 昀椀ber. The model shows close pre-
dictions on the experimental data of the network volume shrinkage, 
residual stress development, and transverse modulus of repolymerized 
composite lamina. It is then applied to performance computational 
parametric studies to reveal the in昀氀uences of different material and 
processing conditions on the composite repolymerization behaviors. 

A notable 昀椀nding in this study is the intricate relationship between 
temperature and the time required for complete repolymerization. 
Initially, as temperature increases, the time needed for repolymerization 
decreases, but beyond a certain point, it starts to increase again. This 
phenomenon can be attributed to two key factors. First, at higher tem-
peratures, a rigid surface 昀椀lm forms quickly, impeding the curing of the 
resin beneath it. Second, increased temperatures lead to the develop-
ment of intense stress concentrations around the carbon 昀椀ber, requiring 
additional heating time for stress release. The presence of carbon 昀椀ber 
can also signi昀椀cantly block solvent transportation, reducing the overall 
repolymerization speed. However, this effect is most pronounced at 
relatively low processing temperatures, where solvent diffusion domi-
nates the process. Solvent diffusivity and BER reactivity exhibit similar 
in昀氀uences on the required heating time. The contour plots illustrate 
three distinct domains of in昀氀uence, each primarily dominated by either 
reactivity, temperature, or the high residual stress around the carbon 
昀椀ber. The optimal processing conditions are characterized by relatively 
lower temperatures and higher solvent diffusivity or BER reactivity. 
These conditions not only facilitate rapid resin curing but also mitigate 
the development of intense stress concentrations around the 昀椀ber. 

Overall, this computational study substantially advances our un-
derstanding of the intricate mechanisms involved in recycling compos-
ites using organic solvents. It provides valuable theoretical insights and 
practical guidance for industrial stakeholders aiming to optimize pro-
cessing conditions and promote the commercialization and widespread 
adoption of this innovative recycling technique, thereby contributing to 
the sustainable development of society. 
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