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Abstract: Vitrimer with bond exchange reactions (BERs) is a type of covalent adaptable 

network (CANs) polymers at the forefront of recent polymer research. They exhibit 

malleable and self-healable behaviors and combine the advantages of easy processability 

of thermoplastics and excellent mechanical properties of thermosets. For thermally-

sensitive vitrimers, a molecular topology melting/frozen transition is triggered when the 

BERs are activated to rearrange the network architecture. Notable volume expansion and 

stress relaxation are accompanied, which can be used to identify the BER activation 

temperature and rate, as well as to determine the malleability and interfacial welding 

kinetics of vitrimers. Existing works on vitrimers reveal the rate-dependent behaviors of 

the nonequilibrium network during the topology transition. However, it remains unclear 

what the quantitative relationship with heating rate is, and how it will affect the 

macroscopic stress relaxation. In this paper, we study the responses of an epoxy-based 

vitrimer subjected to a change in temperature and mechanical loading during the topology 
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transition. Using thermal expansion tests, the thermal strain evolution is shown to depend 

on the temperature-changing rate, which reveals the nonequilibrium states with rate-

dependent structural relaxation. The influences of structural relaxation on the stress 

relaxation behaviors are examined in both uniaxial tension and compression modes. 

Assisted by a theoretical model, the study reveals how to tune the material and thermal-

temporal conditions to promote the contribution of BERs during the reprocessing of 

vitrimers. 

Keywords: Structural relaxation, topology transition, stress relaxation, BER activation 

temperature, covalent adaptable network polymers.
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1. Introduction

Polymers with covalently crosslinked networks are conventionally defined as 

thermosets [1, 2]. They are ideal for engineering applications that require high mechanical 

strength, thermal stability, and chemical resistance. However, the networks are 

permanently “set” after polymerization and thus cannot be melted and reprocessed as 

thermoplastics [3]. Very recently, this picture has been changed by incorporating reversible 

covalent bonds into polymer networks [4-20]. Such covalent adaptable networks (CANs) 

[7, 18, 21] are crosslinked thermosets, but possess the dynamic reversible bonds that allow 

the continuous rearrangement of network topology. A prominent example is the recently 

developed vitrimer networks with associative cross-links. The network rearrangement is 

enabled through bond exchange reactions (BERs) with a simple stimulus (e.g., 

temperature) while the overall network connectivity and crosslinking density are 

maintained. When such macromolecular events occur in large amounts, they can attribute 

to unusual properties that are not seen in conventional thermosetting polymers, such as 

malleability [6, 7, 16, 18, 22-27], interfacial welding [28-43], and network decomposition 

in a specific solvent [43-47]. 

The innovative properties of CANs have enabled their emerging applications. For 

example, the interfacial welding and network decomposition were utilized to reprocess, 

repair, and recycle thermoset wastes [20, 48-56]. The stress relaxation and malleability 

features were applied to design shape-changing materials and structures [6, 7, 16, 18, 22-

27, 57-60]. Recently, CAN hydrogels have been used as the extracellular matrix for 

biomedical applications due to their tunable mechanical properties and adaptability to 

neighboring tissues [61-66]. When the dynamic networks of vitrimers are utilized to design 
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their myriad applications, the BER activation temperature and BER rate are the primary 

quantities to characterize, which serve as a foundation to understand the rate of network 

rearrangement, self-healing, and recycling performance with different material and 

processing parameters [67-77].

Simple and standard mechanical tests have been employed to characterize vitrimers. 

For example, the BER activation temperature, which is normally above the network glass 

transition temperature, can be readily probed using thermal expansion tests [18, 19, 21]. 

For conventional thermosets in the rubbery state, the free volume of polymer chains 

increases with temperature due to their enhanced vibrational motion. At a moderate 

temperature-changing rate, a linear relationship can be observed between the thermal strain 

and temperature. However, for vitrimers, a molecular topology melting/frozen transition is 

triggered when the BERs are activated to rearrange the network architecture [18, 19, 21, 

78]. As pointed out by Montarnal et al. [18], while a vitrimer maintains the network overall 

crosslinking density at high temperatures, the network topology is dynamic, and the active 

BERs enable the crosslinked network to behave like an un-crosslinked thermoplastic. 

During a dilatometry experiment, cross-linked networks are known to exhibit a lower 

expansion coefficient than the corresponding non–crosslinked polymers because the 

crosslinking sites restrict the vibration of monomers and polymer chains. In terms of this, 

the BERs lead to an additional increment in the free volume of polymer chains for their 

vibrational motion by reducing the restrictions, and thus the macroscopic volume of 

vitrimers is increased. The BER activation temperature can be defined at the temperature 

when the slope of the thermal strain curve starts to increase dramatically. To characterize 

the rate of BERs, a common practice is to employ the stress relaxation tests at different 
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temperatures [52, 67, 79, 80]. The stress dropping rate is proportional to the rate of BERs 

within the network. A BER activation energy can be determined by measuring the 

relaxation times at different temperatures. 

The dynamics of vitrimer networks is shown to depend on various influencing 

parameters. First, the rate of BER can be promoted by temperature [18]. Increasing the 

catalyst content or using efficient organic catalysts will reduce the energy barrier for BERs 

and decrease the BER activation temperature [19, 21] Second, previous studies also showed 

that the dynamics of vitrimer depends on the thermal history. For example, Montarnal et 

al. [18] performed dilatometry tests on the vitrimer and showed that when the heating rate 

was increased from 0.2K/min to 1K/min, the BER activation temperature was increased by 

~ 17oC. Kaiser et al. [81] observed a similar phenomenon, wherein the BER activation 

temperature was measured by creep tests. Fang et al. [82] examined the influence of 

vitrimer topology on its rheological properties using small-amplitude oscillatory shear tests. 

At BER activation temperature, they found that the material was in a critical state, and the 

dynamic modulus was independent of the testing frequency. The vitrimer was shown to 

exhibit different activation temperatures in the cooling cycle and heating cycle. All these 

pioneering studies reveal the rate-dependency of vitrimer and suggest that the network 

structure is in the nonequilibrium state during the topology transition. However, 

fundamental questions remain unclear. For example, what is the quantitative relationship 

between the BER activation temperature, temperature changing rate, and catalyst content? 

Does the activation temperature keep increasing with the heating rate? How will the non-

equilibrium thermal expansion affect the macroscopic stress relaxation of vitrimers? 

During the stress relaxation in tension, both structural relaxation and BERs release the 
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internal stress with confined boundary conditions, but it is only the BER that contributes 

to the network malleability and reprocessing, while the structural relaxation is temporary 

and reversible when the temperature returns to the room temperature. On the other hand, if 

the compressive stress is used, CANs could already be effectively processed even without 

dramatic stress releasing. Answers to these questions play a critical role in understanding 

material properties and guide the applications of vitrimers in thermally reforming and 

reprocessing thermosetting polymers.

In this paper, we present a detailed study of the nonequilibrium behaviors of vitrimers 

during their topology transition. Using thermal expansion tests, we show that the thermal 

strain evolution highly depends on the temperature-changing rate, which suggests 

nonequilibrium networks with rate-dependent structural relaxation. Therefore, the probed 

BER activation temperature depends not only on the catalyst content but also on the thermal 

history. The influences of time-dependent structural relaxation on the network stress 

relaxation behaviors are examined in both uniaxial tension and compression modes. A 

theoretical model based on the concept of fictive temperature is defined to assist the 

analysis and discussion. We show that the simple modeling framework can be used to 

precisely capture the experimental results on both thermal expansion and stress relaxation. 

It is further applied to unravel the coupled effect of structural relaxation and BERs on the 

stress relaxation behavior of vitrimers.

2. Materials and Experiments 

2.1 Material synthesis

The material used in this study is an epoxy-based vitrimer developed by Leibler and 
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coworkers [16]. The epoxy samples were synthesized with the monomer diglycidyl ether 

of bisphenol A (DGEBA, Sigma Aldrich, St. Louis, MO), the crosslinker fatty acids (Pripol 

1040, Croda, Houston, TX), and the catalyst for transesterification BERs (Zn (Ac)2, Sigma 

Aldrich).

Three groups of epoxy samples were prepared with different catalyst contents. The 

mole ratios between DGEBA and catalyst were 1%, 5%, and 10%, respectively. A higher 

catalyst content enables faster BERs within the network at an equivalent temperature. For 

polymer synthesis, all the epoxy samples with different catalyst stoichiometry were 

prepared following the same procedure. The catalyst was first mixed with the fatty acid in 

a beaker. The temperature was gradually increased from 100°C to 150°C while maintaining 

the mixture under vacuum until no gas evolution was observed and the catalyst particles 

were completely dissolved (3 hours). DGEBA was then added to the fatty acid mixture 

containing solubilized catalyst (stoichiometry between COOH and DGEBA is 1:1) in a 

round-bottom flask and manually stirred until the mixture became homogeneous. Finally, 

the mixture was poured into a mold and placed in an oven for 6 h at 130°C.

A control epoxy sample was synthesized without the BER catalyst. The ratio between 

the fatty acid and DGEBA was the same as that in the epoxy vitrimer samples. Without the 

catalyst, no BER would be triggered at high temperature, and the material behaves like 

conventional thermosetting polymers.

2.2 Thermal expansion measurements

The volume change of vitrimer samples during the structural relaxation was 

characterized using the thermal expansion tests. The samples were heated at the free-
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standing state using a Dynamic Mechanical Analysis (DMA, Model Q800, TA Instruments, 

New Castle, DE, USA) tester. The sample length change was recorded and used to calculate 

the coefficient of thermal expansion. Note that the coefficient of thermal expansion is 

commonly determined by measuring the change of sample specific volume, which is 

approximately three times of the change in sample length within the scope of small 

deformation. However, as will be shown in the following sections, this study focuses on 

1D mechanical problems (e.g., stress relaxation in tension and compression). Therefore, 

the 1D linear thermal expansion coefficient is used to characterize the degree of sample 

thermal expansion. When it comes to the 3D mechanical problems, the coefficient of 

thermal expansion should be obtained by measuring the specific volume.

Two types of temperature profiles were used during the thermal expansion 

measurements. In the first one, the vitrimer samples were subject to heating/cooling cycles 

with the temperature changed between 140°C and 220°C in a stepped manner. The 

temperature interval was 20°C. When the target temperature was reached, a 40 min 

isothermal stabilization time was given before proceeding to the next temperature at 10°C 

/min. In the second one, the temperature was continuously increased from 80°C to 250°C 

with a heating rate of 0.5, 1, 2, 5°C /min, respectively. 

2.3 Stress relaxation tests in tension

The stress relaxation tests were conducted using the DMA tester in the tension state. 

The vitrimer samples were cut into the same dimension (10 mm in length, 3 mm in width, 

and 0.8 mm in thickness). During the tests, the strain amplitude was set to be 5%, and the 

stress relaxation time was set to be 90 min for all cases. The drop in stress was recorded to 
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calculate the relaxation modulus. 

Two types of temperature profiles were used during the measurements. In the first one, 

vitrimer sample with 10 % mole catalyst was first heated from room temperature to 180°C 

at 20°C/min, and then stabilized at the same temperature for different times (0 min, 3 min, 

6 min, 8 min, 11 min, 15 min, and 20 min, respectively) prior to the stress relaxation tests. 

In the second group of tests, the epoxy samples with different catalyst contents were first 

heated from room temperature to the testing temperature (140°C, 160°C, 180°C, 200°C, 

and 220°C, respectively) at 20°C/min, and then followed by an isothermal stabilization step 

for 5 min. After that, the strain was applied, and the stress variation was monitored and 

recorded.

2.4 Stress relaxation tests in compression 

Stress relaxation tests in compression were performed using an Electro-Force machine 

(Bose Electro Force 3200, Eden Prairie, MN, USA) equipped with an Instron SFL 

Temperature Controlled Chamber (Model 3119-405-21). All the vitrimer samples were cut 

into the same cubic geometry (5 mm in length, 5 mm in width, and 5 mm in height). Prior 

to the test, the sample was first heated from room temperature to the testing temperature 

(140°C, 160°C, 180°C, 200°C, and 220°C, respectively) at 20°C/min. After stabilizing at 

the testing temperature for 5 min, a 5% compressive strain was then applied and maintained 

for 90 min, with the stress being monitored and recorded.

3. A theoretical model for structural relaxation and stress relaxation

3.1 Modeling the structural relaxation based on experimental observations
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Before we define the theoretical model for structural relaxation, the strain evolutions 

of epoxy samples during the thermal expansion measurements are shown in Fig 1a. The 

experimental data of the control sample without catalyst and the vitrimer sample with 10% 

catalyst is presented. The temperature was continuously increased from 80 °C to 250 °C. 

The heating rate was 0.5°C /min (solid lines) and 5°C /min (dashed lines), respectively. 

Note that the vitrimer samples with different catalyst contents exhibit a close Tg around 

30oC (see the supplementary material, Section S1), which suggests that at the starting 

temperature 80oC, all the samples exhibit near-identical rheological properties and thermal 

expansion behaviors. 

There are two interesting characteristics that can be revealed from the figure. First, for 

the control sample without the catalyst, the thermal strain is observed to increase linearly 

with the temperature, which is consistent with the response of conventional thermosets at 

the rubbery state. However, the thermal strain of the vitrimer sample shows a non-linear 

response to the temperature. The strain first increases with a constant rate and then 

increases dramatically when the BER is activated during the topology transition. Second, 

the thermal strain evolution of the vitrimer sample highly depends on the heating rate, 

namely a time-dependent response to the temperature change. With a higher heating rate, 

the increment of thermal strain is delayed. For the control sample, even though the 

temperature is high above its glass transition temperature (Tg, ~20oC), there is still a notable 

difference between the two curves with different heating rates.

The thermal strain evolution of the vitrimer sample is subtracted by that of the control 

sample with the same heating rate and plotted in Fig. 1b. Since the control sample has the 

network structure as the vitrimer sample but without BER, Fig. 1b essentially represents 
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the additional thermal strain produced by the BER and network rearrangement during the 

topology transition. As shown in the figure, this portion of thermal strain increases with 

temperature exponentially and decreases with the heating rate. 

Based on the experimental observations, we define the theoretical model for structural 

relaxation, wherein the thermal strain (εT) is split into two parts:

. (1)     , , ,T TT BTT t T t T t   

In the above equation, εTT is the intrinsic thermal strain produced by the vibrational motion 

of polymer chains, which essentially represents the thermal response of the control sample. 

εBT is the additional thermal strain resulting from the BERs and topology rearrangement. 

Both parts depend on temperature and time. Note that for conventional thermosets without 

BERs, their thermal strain only changes with temperature. But for the control epoxy 

networks used in this study, a slight difference in the thermal strain evolution is observed 

at different heating rates (Fig. 1a). Therefore, εBT is also assumed to be a rate-dependent 

parameter. 

 

(a) (b)
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(c) (d)

Fig. 1. (a) The experimental data of strain evolutions of control sample without catalyst and the 

vitrimer sample with 10% catalyst. (b) The difference in the thermal strain evolution between 

control sample and the vitrimer sample with 10% catalyst. The curve was obtained by subtracting 

the thermal strain curve of vitrimer sample by that of the control sample with the same heating 

rate. Illustrations of the concept of fictive temperature for (c) BER-induced structural relaxation 

and (d) intrinsic structural relaxation of control sample.  and  represent the thermal 𝜀𝑒𝑞
𝐵𝑇 𝜀𝑒𝑞

𝑇𝑇

responses in the equilibrium state, namely when the heating rate is infinitely small. 

To describe the evolution of εTT and εBT with different heating rates, we adopt the 

concept of fictive temperature, which was first introduced by Tool et al. [83] to study the 

nonequilibrium structure of glasses. The fictive temperature represents the temperature at 

which the nonequilibrium structure at T is in equilibrium. When it is applied to the 

viscoelasticity of polymers, it has been proven that different thermomechanical properties 

(such as volume, density, and modulus) of a given polymer may have different fictive 

temperatures [84, 85]. For the structural relaxation of vitrimers, since it involves two types 

of thermal strains with distinguished physical mechanisms, we propose to use two fictive 
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temperatures, TBf and TTf, to respectively describe the evolution of εTT and εBT. The fictive 

temperature TTf is corresponding to the intrinsic thermal expansion of polymer networks 

resulted from chain vibration, and TBf is corresponding to the BERs that releasing the 

restrictions on the thermal vibration of polymer chains. Their significances are shown in 

Figs. 1c and 1d. In both two figures,  and  are the thermal strain evolution in the 𝜀𝑒𝑞
𝐵𝑇 𝜀𝑒𝑞

𝑇𝑇

equilibrium state, namely when the temperature-changing rate is infinitely low. 

The relaxation of the nonequilibrium network to its equilibrium configuration is 

modeled as the time evolution of fictive temperatures to T. Following the previous work 

by Tool [83], the following evolution equations are used for TBf and TTf :

, (2b) 1Tf
Tf

TR

dT
T T

dt 
 

. (2b) 1Bf
Bf

BR

dT
T T

dt 
 

For the vitrimer CAN initially at T0, we have TBf =TTf =T0. The parameter τTR and τBR, 

commonly referred to as the structural relaxation times, are the characteristic retardation 

time of the volume changes due to intrinsic thermal expansion and BER-induced topology 

transition, respectively. We assume both relaxation times following the time-temperature 

superposition principle (TTSP), namely 

, (3a)_ 0 ( )TR TR T T  

(3b)_ 0 ( )BR BR B T  

where τTR_0 and τBR_0 are reference relaxation time, which are different for the intrinsic 

network thermal expansion and BER-induced structural relaxation. αT and αB a are the shift 

factors. The structural relaxation time τTR is a macroscopic measure of the molecular 
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mobility, so the Williams-Landel-Ferry (WLF) equation can be used to describe its 

temperature dependency. On the other hand, since the relaxation time τBR is related to the 

kinetics of covalent exchangeable reactions, an Arrhenius' law is adopted for the αB: 

, (4a) 
 

1 0

2 0

log ( )T

C T T
T

C T T


 


 

. (4b)
0

1 1ln ( ) a
B

ET
R T T


 

  
 

Here, Ea is the BER activation energy. C1 and C2 are fitting parameters. R is gas constant 

(8.314 J·K-1·mol-1).

Based on the observations of strain evolutions in Fig. 1a and 1b, a linear equation is 

used to formulate the strain evolution of the control sample in the equilibrium state, and an 

exponential function is used for the BER-induced strain evolution. 

, (5a)    0, exp 1BT BfT t T T      

, (5b)   0,TT n TfT t T T   

where α and β are the fitting parameters. αn is the coefficient of thermal expansion of 

control sample in the rubbery state, which can be measured from the thermal expansion 

tests. Overall, the fictive temperatures serve as an internal variable describing the evolution 

of the nonequilibrium structure.

3.2 Stress relaxation coupled with structural relaxation

To study the mechanical response of vitrimers coupled with structural relaxation, the 

following 1D thermoviscoelastic rheological model is used (Fig. 2). A thermal expansion 

element is arranged in series with mechanical elements. The thermal expansion element 
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describes the thermal strain during the structural relaxation, which is defined in Section 

3.1. The mechanical elements describe the BER-induced stress relaxation of vitrimers. 

Within the dynamic networks, the relaxation time depends on the chain mobility, which is 

a function of chain length. Since the chain length within a real polymer network is not 

uniform, multiple thermo-viscoelastic nonequilibrium branches are adopted in the 

mechanical component. Different branches are arranged in parallel within the model, and 

each branch has a distinguished modulus (Ei) and relaxation time (τi). 

Fig. 2 The thermoviscoelastic rheological model to study the mechanical response of CANs coupled 

with structural relaxation.

In this paper, the strain amplitude during the stress relaxation tests is 5%. Therefore, a 

linear viscoelasticity stress-strain relationship is defined for the modeling framework. A 

nonlinear stress-strain relationship could also be defined for the case of large deformation, 

as shown in the previous works.

The total stress σ of the multi-branch model is the summation of each branch, σi:

, (6)
1 1

n n

i i Mi
i i

E  
 

  
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where the εMi is the mechanical strain of the i-th branch, namely the strain of the elastic 

spring.

The stress-strain evolution in i-th branch follows the governing equation: 

. (7)i Mi i
i

i

d dE
dt dt
  


 

The stress relaxation time, τi, follows the Arrhenius-type TTSP:

, (8)   0i i BT T  

where τi0 is a reference relaxation time at T0. αB(T) is the same shift factor for BERs defined 

in Eq. 4b. 

There are two groups of parameters in the theoretical model. As shown in the following 

sections, parameters for the structural relaxation can be determined from the experimental 

results of thermal expansion. Parameters for the BER-induced stress relaxation can be 

determined by the stress-relaxation tests. All parameters are listed in the Appendix, Table 

1.

4. Results and Discussion 

4.1 Thermal strain responses during the structural relaxation 

4.1.1 Thermal strain evolution during the stepped heating 

Figs. 3a, 3c, 3e, and 3g show the strain evolution of vitrimer samples and control sample 

during a heating-cooling cycle with stepped temperature-changing profile. The temperature 

changed between 140 °C and 220 °C and the temperature interval was 20 °C. When a target 

temperature was reached, a 40 min isothermal stabilization time was given before 

proceeded to the next temperature at 10 °C /min. 
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During the heating process, it is observed that the thermal strain of all samples increases 

with temperature. The strain keeps increasing during the isothermal stabilization, which 

suggests nonequilibrium networks with structural relaxation. The net strain increments in 

each isothermal step (i.e., the differential thermal strain) are plotted in Figs. 3b, 3d, 3f, and 

3h as a function of stabilization time. For the vitrimer samples, the speed of structural 

relaxation increases with the temperature and catalyst content. This can be told by 

comparing the slopes of the thermal strain curves in Fig. 3b, 3d, and 3f. During the stepped 

heating process, the vitrimer cannot fully equilibrate before moving to the next heating step. 

Therefore, at a relatively higher temperature, the vitrimer is further away from its 

equilibrium state and thus requires more time to fully equilibrate. For the control sample, 

it is interesting to observe that the strain increments at all isothermal temperatures are 

nearly identical, reaching a saturated value of ~0.2% after ~10 min stabilization. This 

suggests that even though there is no BER involved and the material is in the rubbery state, 

the network still deviates from its equilibrium state due to the fast heating (10 °C /min) 

prior to the isothermal step. 

The thermal strain decreases during the cooling step of vitrimer samples. Since the 

structural relaxation during the topology transition is time-dependent, there is a hysteresis 

for the strain evolution. By the end of the cooling step, a residual strain is observed in the 

vitrimer samples with higher catalyst content. For example, the residual strain in epoxy 

samples with 10% and 5% catalyst is 1.6% and 0.7%, respectively, while the residual strain 

in the epoxy sample with 1% catalyst and the control sample is negligible. The residual 

strain and hysteresis of the vitrimer sample are observed to increase with the catalyst 

content. This is because the network did not fully reach the equilibrium state before cooling, 

Page 17 of 42 Soft Matter



18

so the BER-induced structural relaxation during the cooling step still tends to increase the 

sample volume. Only the intrinsic thermal strain decreases due to its lower relaxation time. 

The residual strain and hysteresis of the vitrimer sample are expected to decrease by either 

decreasing the cooling rate or extending the isothermal stabilization time. In the 

supplementary material (Section S2, Fig. S2), we performed a thermal expansion test with 

an extremely low heating rate. During the tests, the vitrimer sample with 10% catalyst was 

first equilibrated at 160oC for one hour, a period that is long enough to reach the equilibrium 

state. Then the temperature was increased to 180oC at 0.1oC/min, followed by cooling at 

the same rate to 160oC. As shown in Fig. S1, the hysteresis between the heating and cooling 

curves is negligible. 

The experimental data can be used to determine the material parameters in the thermal 

expansion element in Section 3.1. First, by fitting with the thermal strain evolution of the 

control sample with a low heating rate, 0.5oC/min, the coefficient of thermal expansion, αn 

(in Eq. 5b), is determined to be 0.00023 oC-1 (see Supplementary Material, Section S3, Fig. 

S3a). The fitting parameters in the WLF equation, C1 and C2 (in Eq. 4a), are determined to 

be 0.07 and 18oC, respectively. The structural relaxation time, τ0 (in Eq. 3a), is 0.15s. With 

these parameters, the model is able to capture the difference in thermal strain evolution 

between 0.5oC/min and 5oC/min (see Supplementary Material, Section S3, Fig. S3b). Fig. 

S2c presents the evolution of structural relaxation τTR. It is observed that the changes are 

small (~0.15s-~0.1s) within the temperature range 80 oC -220oC. Note that this relaxation 

time, τTR, is not exactly consistent with the relaxation times of epoxy that are reported 

before. For example, it was shown that when the temperature was high above the network 

Tg, the relaxation time of epoxy is ~10-3 – ~10-2s [86, 87]. The reason is due to the different 
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physical meaning and characterization methods. In this work, τTR is corresponding to the 

time scale of thermal expansion, which results from the thermal vibration of polymer 

strands. While in previous studies, the relaxation time is corresponding to the stress 

relaxation, which results from the change of the chain configuration to release the internal 

stress. There might be some correlation between these two physical mechanisms and 

relaxation time scales but is beyond the scope of this study and deserves our future study. 

By fitting with the strain evolution of vitrimer samples, α and β are determined to be 

0.027 oC-1  and β = 0.51, respectively (in Eq. 5a), and τBR_0 = 4.7×104s. Note that the BER 

activation energy, Ea (in Eq. 4b), depends on the catalyst content. The Ea value for the 

vitrimer samples with 10%, 5%, and 1% catalyst are 44 kJ/mol, 47 kJ/mol, and 55 kJ/mol, 

respectively. Note that the determined BER activation energy is much lower compared to 

the value (~ 80 kJ/mol) reported by Montarnal et al. [18] and Capelot et al. [19, 21] This 

could result from the different characterization methods employed. In this study, the 

activation energy is determined by the thermal expansion data, while the previous works 

typically employed stress relaxation tests. In the Supplementary Material, Fig. S3c also 

presents the evolution of τBR of epoxy vitrimer with 10% catalyst. It is observed to decrease 

with temperature and be 2-3 orders of magnitude higher than τTR. Because of this, the fictive 

temperature for BER-induced structural relaxation, TBf, shows a higher rate-dependency 

compared to that for intrinsic network thermal expansion, TTf (Supplementary Material, 

Section S3, Fig. S3d). 

With the determined parameters, the model shows a close prediction on the strain 

evolutions in Fig. 3. In addition, thermal expansion tests were performed on vitrimer 

samples with extended isothermal stabilization time. The samples contain 10% and 5% 
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catalyst, respectively. During the tests, the sample was first stabilized at 180oC for 1 hour, 

then the temperature was increased to 200oC at 10oC/min. After isothermal stabilization for 

120 mins, the temperature was further increased to 220oC at 10oC/min followed by 120 

min stabilization. As shown in the Supplementary Material (Fig. S4), the model can closely 

capture the strain evolution and plateau behavior at 220 and 200 °C.

 

(a) (b)

 

(c) (d)
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(e) (f)

 

(g) (h)

Fig. 3 Evolution of thermal strain with stepped heating profile. The epoxy samples have different 

catalyst content (10, 5, 1, and 0 %, respectively). (a), (c), (e), and (g) Thermal strain as a function 

of temperature. (b), (d), (f), and (h) Thermal strain as a function of isothermal time. Solid lines: 

experimental results. Dashed lines: predictions.

4.1.2 Thermal strain evolution during the continuous heating

The thermal strain evolution of vitrimer samples with the continuous heating condition 

is shown in Fig. 4. Four heating rates were applied for each sample. It is observed that at 
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the early stage of heating, thermal strain increases almost linearly with temperature. When 

the temperature is sufficiently high, BERs are activated, and the thermal strain starts to 

increase dramatically. The increment is higher with more BER catalyst present in the 

network. For the epoxy vitrimer sample with 1% catalyst, the effect of BER is ineligible, 

and strain evolution is close to that of the control sample. 

In the thermal strain curves, the temperature corresponding to the slope change has 

been defined as the BER activation temperature (Tvi). As the experimental results suggest, 

the vitrimer sample with a higher catalyst content exhibits a lower Tvi. For example, with 

the same heating rate of 0.5oC/min, Tvi decreases from ~170 oC to ~150 oC, when the 

catalyst content is increased from 5% to 10%. On the other hand, the Tvi measured from the 

thermal expansion tests strongly depends on the heating rate. For the epoxy vitrimer sample 

with 10% catalyst, the Tvi increases from ~150 oC to ~220 oC when the heating rate is 

increased from 0.5oC/min to 5oC/min. With a higher heating rate, the network is further 

from its equilibrium state, and the strain increment is delayed, which produces a higher 

activation temperature. 

The thermal strain responses for the epoxy samples are predicted by the model and 

presented in Fig. 4 as dashed lines. It shows that the model can closely capture the thermal 

responses of vitrimers.
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(a) (b) 

(c)  (d)

Fig. 4 Evolution of thermal strain with continuous heating heating profile. The heating rate is 0.5, 1, 

2, and 5 °C/min, respectively. The epoxy samples have different catalyst content: (a) 10%, (b) 5%, (c) 

1%, and (d) 0 %, respectively. Solid lines: experimental results. Dashed lines: predictions.

Experimental results in Fig. 4 show that the Tvi measured from the thermal expansion 

tests depends on the catalyst content and the temperature changing rate, which is consistent 

with the previous experimental observations by Montarnal et al. [18] and Capelot et al. [19, 

21]. Based on the developed theoretical model, parametric studies were performed to 

further reveal their influences. Here, we formally define the Tvi to be the temperature when 
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the slope of the thermal strain curve is increased by 5%, as shown in Fig. 5a. Note that Tvi 

can be defined in different ways. For example, it can be defined to be the intersection of 

the linear regressions for the pre- and post-transition regions. In that case, it will also evolve 

with heating rate and catalyst content in a similar manner, as shown in Fig. S5 of the 

Supplementary Materials. To examine the influence of catalyst content, we define the BER 

activation energy, Ea, changing from 34 to 58 kJ/mol. Higher activation energy suggests a 

lower catalyst content. The variation in Tvi of epoxy vitrimers with different catalyst 

contents and heating rates is shown in Fig. 5. It is observed that increasing the catalyst 

content or decreasing the heating rate can both reduce the Tvi. However, the Tvi value 

doesn’t keep decreasing with the heating rate. Depending on the catalyst content, it tends 

to saturate when the heating rate is below a critical value. This is because the network is in 

the quasi-equilibrium state when the temperature changing rate is lower than the structural 

relaxation rate. As shown in Fig. S3c, within the temperature range of 160-220oC, the 

structural relaxation time of vitrimer sample with 10% catalyst is ~4000 s – ~850s. The 

corresponding structural relaxation rate 1/τ0 is ~0.015 min-1 – ~0.07-1 min. Therefore, Tvi 

is observed to saturate on the order of minutes. The time-dependency of strain evolution is 

negligible, and thus the Tvi only depends on the catalyst content within the network.
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(a) (b)

Fig. 5 (a) A schematic view showing the definition of BER activation temperature. (b) The BER 

activation temperature with different BER activation energy and heating rate.

4.2 Stress relaxation behavior coupled with structural relaxation

4.2.1 Stress relaxation in tension

The stress relaxation behavior of the epoxy vitrimer sample with 10% catalyst was 

tested in the tension state. During the tests, the temperature was first increased from room 

temperature to 180 °C at 20 oC/min, and then followed by different stabilization times (0, 

3, 6, 8, 11, 15, and 20 min, respectively). After measuring the sample length, a 5% tensile 

strain was applied and maintained for the rest of the time. The drop of stress was recorded 

and used to calculate the relaxation modulus. 

The relaxation modulus of vitrimer samples and control samples are shown in Fig. S6a 

of the Supplementary Material. The normalized relaxation modulus is shown below in Fig. 

6. It is observed that the normalized relaxation modulus decreases with the extension of 

stabilization time. Here, we define the characteristic relaxation time to be the time point 

when the normalized relaxation modulus drops to 1/e (e is the natural constant). It is 

observed to increase from ~3 min to 31 min when the stabilization time increases from 0 

to 20 min. The different relaxation rates are due to the varying degrees of structural 

relaxation during the isothermal stabilization. When the stress relaxation is in a tension 

state, both structural relaxation and BERs release the internal stress of vitrimers. With a 

higher stabilization time before the stress relaxation, the epoxy network evolves more 

towards its equilibrium state, which leads to less thermal strain to be generated during the 

relaxation and, thus, a lower relaxation rate. It is also observed that the relaxation rate with 
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a 15 min stabilization almost coincides with that of 20 min stabilization, which suggests 

that 15 min is the time scale for the epoxy sample with 10% catalyst to reach the 

equilibrium state at 180 °C. After the stabilization, the relaxation of stress mainly results 

from BERs. It should be noted that this time scale is consistent with the results of thermal 

expansion measurements (Fig. 3b), wherein thermal strain evolution tends to be stable after 

~15min.

By fitting with the stress-relaxation curves, the parameters in the mechanical 

components of the theoretical model can be determined. By using six branches, the model 

can precisely capture the relaxation modulus with different stabilization times. The elastic 

moduli in these branches are 260, 120, 80, 35, 20, and 5 MPa, respectively. The 

corresponding relaxation times are 1100, 125, 65, 35, 20, and 5 s, respectively. Note that 

in previous works [67, 88, 89], only one BER branch was used to capture the stress-

relaxation behavior of vitrimers. However, in this study, we intend to investigate more 

complicated thermomechanical properties of vitrimers, namely the stress-relaxation 

behaviors (in both tension and compression) coupled with thermal expansion. To improve 

the model prediction capability, six BER branches are used, which introduces more fitting 

parameters and are shown below to closely capture the experimental data.
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Fig. 6 Predictions on stretch relaxation behavior for the epoxy with 10% catalyst at different isothermal 

stabilization time (0,3,6,8,11,15,20 min) at 180 ° C

The stress relaxation behavior of the epoxy vitrimer sample with different catalyst 

contents was tested with a 5% tensile strain at different temperatures. All the samples were 

subject to the same thermal history prior to the stress relaxation. Namely, the temperature 

first increased from room temperature to the target temperature at 20 oC/min, and then 

followed by 5min isothermal stabilization times. 

Fig. 7 compares the normalized relaxation modulus of these samples. It shows that the 

relaxation rate increases with temperature and the catalyst content as both two parameters 

promote the rate of BERs. Even with 1% catalyst, the sample starts to notable release the 

internal stress with sufficient heating time or high enough temperature. The determined 

parameters enable the theoretical model to capture the relaxation behaviors. The 

predictions agree well with the experimental results.

 

(a) (b)
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(c)

Fig. 7. Normalized relaxation modulus of epoxy vitrimer samples in tension with different catalyst 

contents (a) 10%, (b) 5%, and (c) 1 %. Solid lines: experimental results. Dashed lines: model 

predictions.

4.2.2 Stress relaxation in compression

The stress relaxation behavior of the epoxy vitrimer sample with different catalyst 

contents was evaluated in the compression state, wherein all the samples with the same 

dimension (5cm × 5cm × 5cm) were heated to the target temperature at 20 oC/min, 

stabilized for 5 mins, and compressed with 5% engineering strain. The experimental results 

are compared in Fig. 8. 

Overall, the epoxy vitrimer sample shows unique relaxation behavior when they are 

being compressed. With a confined boundary condition, structural relaxation tends to 

increase the sample volume. Therefore, the internal stress first increases until it is surpassed 

by the amount of BER-induced relaxation. In contrast, the internal stress of the control 

sample without catalyst keeps increasing until a plateau is reached (Supplementary 

Material, Fig. S6b). The stress overshot observed in all cases suggests that structural 
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relaxation is a faster mechanism than the BER-induced stress relaxation. In addition, the 

peak height and peak position in the relaxation curves are observed to vary with the 

temperature and catalyst content. With the same catalyst content, higher temperature leads 

to a higher and earlier peak on the relaxation curves, which results from the faster structural 

relaxation and higher magnitude of thermal strain. On the other hand, at the same 

temperature, a higher catalyst content reduces the peak height, and the internal stress tends 

to relax earlier due to the enhanced BER rates. It is also interesting to observe that for the 

vitrimer sample with 5% and 10% catalyst, the time corresponding to the peak stress is 

close to the relaxation time measured in tension state (Fig. 7), namely the time point when 

the tensile stress of vitrimer sample is dropped to 1/e. This can be telling by comparing the 

detailed numbers of these two time points in the Supplementary Material (Table S1). 

However, for the vitrimer sample with 1% catalyst, these two time points are observed to 

deviate notably, especially when the testing temperature is low. Detailed reason deserves 

our future study. With the same set of material parameters, Fig. 8 shows that the developed 

model can accurately predict the relaxation behavior of vitrimer samples in compression.

(a) (b)
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(c)

Fig. 8 Normalized relaxation modulus of epoxy vitrimer samples in compression with different 

catalyst contents (a) 10%, (b) 5%, and (c) 1 %. Solid lines: experimental results. Dashed lines: 

model predictions

4.3 A BER contribution ratio during the stress relaxation

The BER-induced stress relaxation can be leveraged to repossess thermoset wastes [18, 

23, 52], program autonomous shape-changing [6, 7, 16, 18, 22-27, 57-60, 90], and control 

microscale surface pattern of polymers [91]. However, studies in this paper show that 

structural relaxation plays a critical role to interpret relaxation behavior. For example, if 

the vitrimers are processed with tensile stress, a substantial stress releasing may not suggest 

active BERs but merely the structural relaxation during the topology transition. On the 

other hand, if the compressive stress is used, vitrimers could already be effectively 

processed even without dramatic stress releasing. It is therefore important to reveal the 

contribution of BERs during the stress relaxation process and identify its dependency on 

the thermal history, such as the heating rate and holding time, which will provide guidelines 

to design processing conditions for myriad applications of vitrimers.

Here, we use the stress relaxation in the tension state to reveal the contribution of BERs. 
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As illustrated in Fig. 9, the drop of stress during the relaxation process can be split into two 

parts, one from BERs and the other one from the structural relaxation. Based on this, we 

define the BER contribution ratio at a given time point to be:

, (9)
( )( )
( )

B tR t
t









where ∆σ is the drop of total stress at an infinitesimal time step at t, ∆σB is the portion 

contributed from BERs. If the portion contributed from structural relaxation is ∆σT, we 

have: ∆σ=∆σB+∆σT. With the effective theoretical model defined in the previous section, 

we can readily sperate these two relaxation mechanisms and predict the BER 

contribution ratio with different material and processing parameters. 

Fig. 9. A schematic view showing the contribution of BERs on the overall stress relaxation degree 

at a given time point.

4.3.1 The effect of catalyst content on the BER contribution ratio

In Fig. 10, the BER contribution ratio (R) is predicted with different temperature, time 

for relaxation, and catalyst content. Prior to the stress relaxation, the temperature was 

increased from room temperature to the target temperature at 20oC/min. 
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From the figure, it is observed that at a given temperature, the BER contribution ratio 

is low at the early stage of stress relaxation. Most stress releasing results from the structural 

relaxation (thermal expansion), which suggests the structural relaxation to be a faster 

mechanism than BER-induced relaxation. As the relaxation proceeds, the BER 

contribution increases and surpasses the contributions of structural relaxation (when 

R>50%) at different times, depending on the temperature. 

The increment of the BER contribution ratio over time for relaxation is faster with a 

higher temperature or catalyst content due to the promoted rate of BERs. For the vitrimer 

with 10% and 5% catalyst, the BER contribution ratio reaches ~100% after 500mins of 

relaxation at high relaxation temperatures. In these cases, the network reaches the 

equilibrium state with complete structural relaxation. Further increasing the catalyst 

content lowers the energy barrier for BERs and promotes the contribution ratio. For 

example, when the active energy is 9 kJ/mol, R essentially equal to 1 over the entire map 

(see Supplementary Material, Fig. S8). Overall, during the stress relaxation in the tension 

of vitrimers, the initial relaxation is dominated by structural relaxation. Using a higher 

processing temperature or increasing the catalyst content are effective ways to promote the 

BER contribution ratio. 

Fig. 10 The BER relaxation contribution map during the relaxation for epoxy containing (a) 10%, 
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(b) 5%, and (c) 1% catalyst as a function of time for relaxation and relaxation temperature.

4.2.2 The effect of holding time and heating rate on the BER contribution ratio

Since the low BER contribution ratio at the early stage of stress relaxation is due to the 

thermal expansion of the nonequilibrium network, an isothermal holding step prior to the 

stress relaxation could promote the degree of structural relaxation, and thus increase the 

BER contribution ratio during the relaxation. Fig.10 shows the predicted BER contribution 

ratio for vitrimers containing 10% catalyst. Before applying the strain, the temperature was 

increased from room temperature to the target temperature at 20oC/min and then followed 

by isothermal stabilization for different times (0-600 min). The BER contribution ratio for 

vitrimers containing 5% and 1% catalyst are shown in Supplementary Materials (Section 

S9).

As shown in the figure, increasing the time of isothermal stabilization promotes the 

BER contribution ratio at all temperatures. During the isothermal stabilization, the 

vitrimers gradually evolve towards the equilibrium state, which reduces the thermal strain 

that will be developed during the subsequent stress relaxation, thereby increasing the 

contribution ratio of BERs. After holding the material at the target temperature for 600 

mins, the BER contribution ratio is observed to approach 100% from the very beginning 

of stress relaxation. 
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Fig. 11 The BER contribution ratio during the stress relaxation of epoxy vitrimer containing 10% 

catalyst. In each figure, the BER contribution ratio is predicted with different isothermal holding 

times before stress relaxation. 

Another approach to promote the BER contribution ratio is to decrease the heating rate 

before stress relaxation. Fig.11 shows the BER contribution ratio during the stress 

relaxation of epoxy vitrimers containing 10% catalyst. Before applying the strain, the 

temperature was increased from room temperature to the target temperature at different 

heating rates (0.01, 0.05, 0.1, 0.5, 1, 20 °C/min, respectively). No isothermal holding step 

was applied before the stress relaxation. The evolution of the BER contribution ratios 

during the relaxation of epoxy vitrimers containing 5% and 1% catalyst are shown in 

Supplementary Materials (Section S10). It can be observed that the BER contribution ratio 

increases with the decrease in the heating rate. Similar to the effect of isothermal holding, 

a lower heating rate allows more time for the network to evolve to the equilibrium state, 

which reduces the degree of thermal expansion to be generated during the stress relaxation 
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and therefore increases the contribution of BER.

Fig. 12 The BER contribution ratio during the stress relaxation of epoxy vitrimer containing 10% 

catalyst. In each figure, the BER contribution ratio is predicted with different heating rates before 

stress relaxation (0.01, 0.05, 0.1, 0.5, 1, 20 °C/min, respectively). 

5. Conclusion

In this paper, we investigate the rate-dependent response of vitrimer CANs subjected 

to a change in temperature and mechanical loading during their topology transition. When 

the temperature is high enough, BERs are activated to rearrange the network topology. 

However, the microstructure is unable to rearrange instantaneously in response to an 

external stimulus, and thus the vitrimer CANs are in the nonequilibrium state. Using the 

thermal expansion tests, the thermal strain evolution is shown to change with the 

temperature-changing rate. A higher heating rate leads to a slower increment of thermal 
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strain. Therefore, the BER activation temperature, which is the temperature when the 

thermal strain dramatically increases, depends not only on the BER catalyst content but 

also on the heating rate. The effect of structural relaxation on stress relaxation behavior is 

studied. The evolving thermal strain tends to release the tensile stress while increasing the 

compressive stress during the stress relaxation. To assist the discussion, a theoretical model 

was defined based on the concept of fictive temperature. It is able to capture thermal strain 

evolution during structural relaxation and stress relaxation with confined boundary 

conditions. Based on the model, the contribution of BERs on the stress relaxation can be 

readily identified. It shows that structural relaxation is a faster mechanism than the BER-

induced stress relaxation, and thus dominates the stress releasing rate at the early stage of 

relaxation. Using a higher temperature or catalyst content can promote the rate of BERs 

and hence increase their contribution ratio. Specifically, it shows that an isothermal holding 

step or a low heating rate before stress relaxation will encourage the network to evolve 

more towards their equilibrium state, which reduces the thermal strain to be developed 

during the stress relaxation, thereby increasing the contribution ratio of BERs. Overall, the 

study in this paper provides valuable insights to understand the thermomechanical 

properties of vitrimer CANs and can serve as a guideline to design processing conditions 

for the myriad applications of vitrimer CANs.
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Appendix A.

Table 1. Parameters for the theoretical model

Parameters Determined values Description

Parameters for the structural relaxation component

α 0.027 oC-1

β 0.51

Fitting parameters for the BER-induced 

strain evoluton
C1 0.07

C2 18 °C
Fitting parameters of WLF equation

αn 0.00023 °C-1 CTE of the epoxy without BER

T0 80 °C Reference temperature

τTR_0 0.15s Relaxation time 

τBR_0 4.7×104s

Parameters for the mechanical component

m 6 Number of branches

Ea 44 kJ/mol, 47 kJ/mol, 55 kJ/mol
BER activation energy for vitrimer with 

10%, 5%, and 1% catalyst, respectively

Ei 260, 120, 80, 35, 20, 5 MPa Elastic modulus of each branch

τi 1100, 125, 65, 35, 20, 5 s Relaxation time of each branch at T0
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