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ABSTRACT
Vitrimers are a class of polymer networks featuring dynamic covalent crosslinks that can undergo associative bond exchange. 
These dynamic polymer networks hold a notable promise as recyclable thermosets with self-healing capabilities, provided by 
network rearrangements at the molecular level, allowing for macroscopic flow. When the relaxation time is sufficiently short, vit-
rimer material behaves like a thermoplastic even though it is covalently crosslinked. However, temperature-induced malleability 
remains limited by the high-viscous nature of vitrimers. Therefore, the present article explores the cure dependence of structural 
relaxation and vitrimer transition phenomena of a dynamic disulfide-containing epoxy vitrimer. Stress relaxation measurements 
reveal that intermediate cure states—accompanied by lower crosslinking density—exhibit bond exchange and segmental re-
laxation rates exceeding those of fully cured networks over an order of magnitude. This enhanced dynamics facilitates lower 
viscosities and residual times during high-temperature malleability processing. Advanced methods combining rheology, cure 
kinetics, and thermomechanical analysis are utilized to assess the cure dependence of the vitrimer transition temperature Tv. We 
outline a distinct cure dependence of Tv, which may be approximated by a linear correlation, suggesting that viscoelastic flow can 
be initiated at significantly lower temperatures in undercured networks. These findings provide valuable guidance for enhancing 
material and processes, contributing to opening doors to the “melt processing” of this family of materials.

1   |   Introduction

Incorporating dynamic covalent bonds into native thermosets 
enables direct recycling and imparts thermoplastic-like proper-
ties such as malleability and self-healing [1, 2]. These dynamic 
networks, enabled by different chemistries such as transesteri-
fication [3], disulfide [4–9], imine [10–12], siloxane [13, 14], and 
urethane [15] exchange, offer a sustainable alternative to con-
ventional epoxy resins [16, 17].

Before harnessing these advantages, the initial reactive mix-
tures undergo reactive processing, resulting in full or partial 

curing. The curing process can be recognized either as a source 
of variability that increases uncertainty or as a functional at-
tribute facilitating novel material-inherent functions, such as 
joining [18] and (re)forming features [19]. Undercured resins 
exhibit unwanted effects such as increased stiffness [20–22] and 
(depending on the underlying hardener moiety) are prone to 
brittle cracking [23], which may have detrimental consequences 
during use. Errors may encompass defects such as part distor-
tion and matrix cracking within the manufactured part [24]. 
Incomplete curing is accompanied by reduced thermal stability 
(by decreasing the glass transition temperature Tg). Therefore, 
ensuring complete cure during processing is desirable, as only 
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cured materials exhibit high rigidity and high impact resistance 
[25]. This issue is undoubtedly relevant for resins entering vitri-
fication, confining the reaction process by the glassy state diffu-
sion dynamics and limiting the final degree of cure.

Besides these additional variabilities, incomplete curing and 
residual soluble fractions can introduce additional plasticizing 
effects through dangling chains [26]. Consequently, partly cured 
states may open up novel processing routes such as joining [18] 
and (re)forming features [19] by deliberately utilizing plasticiz-
ing effects that render the materials partially malleable. This ef-
fect has not yet been studied in the context of vitrimers but could 
offer significant advantages in enhancing their malleability. 
Indeed, the malleability of vitrimers is quite distinct from that 
of thermosets with permanent crosslinks. When the relaxation 
time is sufficiently short, vitrimer material behaves like a ther-
moplastic even though it is covalently crosslinked, enhancing its 
processability. A controversial but well-established parameter is 
the vitrimer transition temperature Tv (or topology freezing tem-
perature), which determines the transition from the viscoelastic 
solid to the viscoelastic liquid (or “melt”) state [27]. While the 
nature of the respective transition phenomenon is still a subject 
of ongoing scientific debate, different descriptive methods (ther-
momechanical analysis [28, 29], temperature-dependent ten-
sile creep experiments [3, 30], and different rheological criteria 
[31, 32]) have been designed to detect the onset of plastic flow, 
which may be associated with the presence of dynamic covalent 
bond exchange reactions.

Despite the bond exchange and the resulting macroscopic flow, 
the highly viscous nature of crosslinked vitrimer matrix materi-
als poses significant challenges in the processing of thermosets 
by preventing (inter) layer sliding [33] and wrinkling of fibers 
[34], thus limiting the processability. Even though the extrusion 
of vitrimers has been demonstrated in literature [35, 36], “melt” 
processing appears to be reserved for specially tailored material 
formulations with artificially accelerated bond exchange reac-
tion rates rather than the broad majority of reported vitrimer 
systems. Besides that, some authors describe the preparation of 
“pre-vitrimers” [37, 38], which can be processed in the “melt” 
stage (e.g., hot melt adhesive, extrusion, and injection molding) 
before gelation. Subsequent heating initiates the final crosslink-
ing. However, the percolated state and its relaxation and initia-
tion of plastic flow are not specifically investigated.

In this context, it seems necessary to increase bond exchange 
reaction rates (and decrease accompanying viscosity) to bridge 
the gap between the high-viscous flow characteristics of vitri-
mers and the viscosities required for processing in established 
polymer manufacturing processes, such as thermoforming, 
extrusion, or even injection molding. Therefore, several strate-
gies are available to accelerate the bond exchange reactions of 
disulfides, allowing precise control over relaxation times and 
viscosities. Since these dynamic covalent moieties are embedded 
within a network, their exchange capacity is inherently affected 
by the mobility of the surrounding network [4, 39]. Azcune et al. 
investigated the effect of crosslinking density and disulfide 
concentration on the bond exchange dynamics. Reducing the 
crosslinking density improves the bond exchange reaction rates, 
presumably due to lower viscosity, while increased disulfide 
concentrations yield significantly faster relaxation times in the 

low-temperature regime [5]. Furthermore, the presence of free 
pending amine groups accelerates the exchange kinetics [6, 40] 
and may be used to tailor the dynamic properties.

Investigating how the plasticizing effect in partially cross-
linked networks accelerates bond exchange and segmental re-
laxation is crucial for enhancing the processability of vitrimers. 
Specifically, plasticizing effects in partially crosslinked net-
works could contribute to accelerating bond exchange and seg-
mental relaxation, ultimately reducing viscosity and improving 
processability. Moreover, disulfide-containing aromatic amine 
compounds may possess dynamic bonds under mild conditions 
[41] or ambient temperature [42] (even if chain mobility remains 
confined in the glassy state), so the dynamic bond exchange 
should remain permissible for partly cured systems even at mild 
temperatures—at the same time minimizing the effects of en-
hancing curing reaction.

To the best of our knowledge, the relationship between cure 
state, segmental relaxation, bond exchange kinetics, and the Tv 
in percolated networks remains unexplored. Our experimental 
research addresses this critical gap by systematically elucidating 
how varying cure states influence these essential vitrimer char-
acteristics. First, reaction kinetics are derived (Section  3.1) to 
estimate cure advancement during elevated temperature testing 
and tailor cure cycles for manufacturing samples with different 
cure states (Section  3.2). Based on that, the cure-state depen-
dence of thermomechanical properties (Section 3.3), segmental 
relaxation and bond exchange dynamics (Section  3.4), and Tv 
(Section 3.5) are investigated. Finally, we compile all data into 
a conversion–temperature phase diagram (Section  3.6), which 
incorporates the cure dependence of Tv. We indicate generic 
processing cycles that intentionally leverage the cure-state de-
pendence of the dynamic network to exploit the enhanced mal-
leability in the partially crosslinked state.

2   |   Materials and Methods

2.1   |   Materials

1,4-Butanediol diglycidyl ether (BDE, epoxy equivalent weight 
of 101.125 g/eq.) and 4-aminophenyl disulfide (4-AFD, amine 
equivalent weight of 62.093 g/eq.) are purchased from Sigma-
Aldrich Corp., Netherlands, and Molekula Ltd., UK, respec-
tively. Small batches of reactive mixtures are prepared according 
to the procedure described in the Supporting information while 
maintaining the epoxide: amine ratio at the stoichiometric bal-
ance of 2:1.

2.2   |   Characterization

Differential scanning calorimetry (DSC, mDSC250 device from 
TA Instruments Inc.) is applied to analyze the curing process 
based on the exothermal heat flow released during epoxy-amine 
curing. Dynamic DSC scans with 2, 4, and 8 K min−1 are car-
ried out at temperatures ranging from −90°C to 250°C to deter-
mine the initial glass transition temperature Tg,0 of the uncured 
mixture and capture the heat flow during the curing reaction. 
Furthermore, isothermal dwellings at 110°C, 130°C, and 150°C 
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are selected to characterize the kinetics of the isothermal cur-
ing process. The final glass transition temperature Tg,∞ is deter-
mined after submitting the resin to an isothermal dwelling at 
150°C for 3 h before cooling to 25°C. Subsequent reheating at 
5 K/min determines Tg,∞ of the samples.

For the thermomechanical and mechanical analysis described 
in the following, neat resin specimens of different geometries 
were manufactured according to the methods described in the 
Supporting information. Dynamic mechanical analysis (DMA, 
RSA-G2 device from TA Instruments, USA.) pursues two ob-
jectives: characterizing the temperature-dependent module 
development for different cure states (i) and characterizing the 
bond exchange kinetics of the disulfide bonds employing stress 
relaxation tests in the rubbery regime (ii). All DMA testing was 
performed utilizing a film tensile clamp. For (i), rectangular 
specimens (6 × 0.8 × 30 mm3) were heated under air with a rate 
of 3 K min−1 from −50°C to 150°C with a static tensile force of 
0.01 N and a frequency of 1 Hz while applying a dynamic dis-
placement of 0.1% (in the linear viscoelastic region). For (ii), the 
fully cured material was exposed to isothermal stress relaxation 
trials under air using instantaneous stress of 2% within 0.1 s at 
temperatures ranging from 140°C to 240°C. Furthermore, relax-
ation tests were carried out at 140°C to analyze the cure-state 
dependence of the dynamic bond exchange. The temperature 
selected is explicitly low, so only a marginal progression of the 
curing reaction is expected during the 2-min soaking and subse-
quent relaxation times.

Thermomechanical analysis (TMA, TMA 4000 from 
PerkinElmer Corp., USA.) was utilized to capture the initia-
tion of flow and associated Tv, applying the technique proposed 
by Hubbard et  al. [29]. Heating rates of 5 K min−1 were used, 
and a nominal force of 0.1 N maintained the contact of cylin-
drical specimens (with a diameter of 4 mm and a thickness of 
1.8 ± 0.05 mm) and the glass probe (4 mm diameter) during the 
measurement. Since Tv is significantly affected by the heating 
rate and the applied stress [29, 30]; we employ constant param-
eters during all measurements. The top and bottom sample sur-
faces of the specimens molded in the metal tool are smooth and 
plain, so no additional surface finishing was required. Before 
testing, thin aluminum foils are placed on the bottom and top 
surface of the resin specimen to prevent adhering sticky sam-
ples to the testing device and reduce friction in the radial di-
rection [29]. The thermal expansion of the aluminum film does 
not significantly contribute to the measured overall thermal ex-
pansion (Figure S7), and the accompanying absolute error in the 
measured total strain is located below 0.5%. Furthermore, the 
samples are mounted at temperatures above the glass transition 
temperature to relax frozen residual stresses (and eliminate any 
metastable material states imposed by the manufacturing pro-
cess [28]) within the glassy material state and avoid an excessive 
penetration of the specimen by the probe during the glass tran-
sition. After mounting the specimen and applying the nominal 
force, the specimens are cooled to −50°C and then reheated to 
200°C in a nitrogen atmosphere.

Rheometry (HAAKE MARS III, Thermo Fisher Scientific Inc., 
USA) is utilized to determine the gelation point (GP) and to mea-
sure the chemical shrinkage according to the methodology pro-
posed by Haider et al. [43] to derive a phenomenological model 

that describes cure-dependent chemical strains. For measuring 
the GP, isothermal oscillating measurements at 1 Hz are con-
ducted at temperatures ranging from 120°C to 150°C with a de-
formation amplitude of 0.1% in the parallel plate configuration 
(diameter 20 mm) and a gap of 1 mm. A temperature-controlled 
test chamber realized heating with temperature tolerances set 
to 0.1°C. Previous strain sweeps ensure the applied strain was 
within the linear viscoelastic region of the polymer.

3   |   Results and Discussion

First, the curing kinetics are examined, providing the founda-
tion for designing cure cycles applied to manufacture speci-
mens with well-defined varying cure states for further testing 
(Section  3.2). Subsequently, the effect of the cure state on the 
thermomechanical material response (Section 3.3), the segmen-
tal relaxation and bond exchange kinetics (Section 3.4), and the 
initiation of macroscopic flow represented by Tv (Section 3.5) are 
discussed. Finally, we compile all data into CTP diagrams and 
discuss practical implications.

3.1   |   Reactions Kinetics Modeling

The heat flow signals are integrated to calculate reaction en-
thalpy using a linear baseline for dynamic and a strictly hor-
izontal baseline for the isothermal runs. We assume that the 
enthalpy measured corresponds only to the epoxy-amine cur-
ing, as any energy exchange due to disulfide bond exchange ex-
hibits a zero net effect. A total reaction enthalpy ΔHR,total value 
of 553 ± 12 J g−1 is located in the range of vitrimers utilizing the 
same disulfide curing agent [9, 44].

Three isothermal (110°C, 130°C, and 150°C) and three dynamic 
(1, 2, and 4 K min−1) scans were evaluated simultaneously using 
multivariate analysis to account for isothermal and nonisother-
mal conditions during curing. Encompassing isothermal besides 
the nonisothermal measurements in the fitting routine ensures 
accurate modeling of isothermal cure [45]. The phenomenologi-
cal Kamal Sourour approach provides the basis for the proposed 
modeling approach [46, 47]. Combining an nth order and an 
autocatalytic model represents an established approach for the 
curing behavior of epoxy resins and the development of the de-
gree of cure � [46, 48–50]:

As the developing Tg is unlikely to exceed the isothermal cur-
ing temperature, the reactions are maintained in the kinetically 
controlled regime, and the chemical kinetic constants ki,chem ex-
hibit Arrhenius-like behavior:

The differential equation (Equation  1) is solved numerically 
with the initial condition � = 0, and the six independent model 
parameters (E1,E2,A1,A2,m,n) are estimated simultaneously 
for three isothermal and three nonisothermal datasets utilizing 
a generic algorithm.

(1)
d�

dt
=
(
k1 + k2�

m
)
(1−�)n

(2)ki = Aie
−Ei∕RT
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Table  1 summarizes the model parameters, and Figure  1a,b 
compares measurement data and model. A mean average error 
of 1.1% indicates an excellent agreement between the measure-
ment data and the model.

Besides, it is essential to consider the cure-dependent devel-
opment of the glass transition temperature Tg(�), as with en-
hancing Tg(�), the curing reaction may come to an end for 
Tg(𝜉) − T < 20 − 30 ◦C for practical purposes [51]. For our case, 
we can make selective use of this context to define a temperature 
window for testing (without significant post-curing) and select 
appropriate temperatures to prevent full curing or vitrify par-
tially crosslinked states. Therefore, Tg(�) is approximated by the 
Di-Benedetto equation [52]:

with Tg,0 representing the initial, Tg,∞ the final glass transi-
tion temperature, and λ, a fitting parameter. Figure 1c shows 
the glass transition temperature development during cur-
ing, and Table 2 summarizes the corresponding parameters. 
Typically, Tg increases during curing, at the same time yield-
ing a higher crosslink density [53]. For the investigated formu-
lations, glass transition temperature rises from initial values 
of −75.5°C to 82.3°C. The parameter � calculates from the 
quotient � = Δcp,∞∕ Δcp,0 of the specific heat capacity change 
in the fully cured Δcp,∞ and initial state Δcp,0 [51]. Therefore, 

(3)
Tg − Tg,o

Tg,∞ − Tg,0
=

𝜆𝜉

1 − (1 − 𝜆)𝜉
, 0 < 𝜆 < 1

TABLE 1    |    Parameters for the reaction kinetic modeling disrobed by Equations (1,2).

A1 
[

log
(

s−1
)]

E1 
[

kJ mol−1
]

A2 
[

log
(

s−1
)]

E2 
[

kJ mol−1
]

m n

4.91 68.37 4.79 59.02 0.91 1.54

FIGURE 1    |    Comparison of data and model for isothermal (a) and nonisothermal (b) curing conditions. For (b), the heat flow of the model is cal-
culated by assuming the generally accepted direct proportional relation of d� ∕dt and apparent exothermal heat flow with the total reaction enthalpy 
ΔHR,total being the proportional factor. Cure dependence of glass transition temperature approximated by Di-Benedetto equation (c). Isothermal os-
cillating dwellings at different temperatures are used to measure gelation and calculate the degree of cure (DOC) (d). The intersection of G′ and G′′ 
is marked with a diamond.
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modulated DSC measurements (1 K for 60 s) at 3 K/min are 
conducted from −90°C to 200°C to determine Δcp,0 and Δcp,∞. 
Unfortunately, these values show a fair amount of scatter (c.f. 
Table  2). Therefore, to additionally confirm the correlation's 
validity, specimens were exposed to isothermal dwellings 
for specific times and rapidly cooled by 80 K/min to −90°C 
to derive partly cured states. Subsequent, reheating to 200°C 
at 3 K min−1 allows us to determine pairs of Tg,i and �i with 
�i being calculated from the residual reaction enthalpy ΔHR,i 
according to Equation (4) [54]:

whereas ΔHR,total represents the averaged total reaction 
enthalpy of all nonisothermal DSC. As can be seen from 
Figure 1c, all the measured values are located within the error 
tolerance of �, so that the mean of � is applied within the pres-
ent study. Furthermore, a slight discrepancy is found between 
the midpoint Tg,∞ measured by DSC (78°C ± 1°C) and DMA 
evaluating tan � peak (82°C ± 1°C). To avoid numerical values 
without physical meaning (e.g., � > 1, Tg > Tg,∞), Tg,∞ is set to 
82.3°C.

The network needs to transition into the percolated state 
(above a degree of cure threshold �GP at which the incipient 
percolated network forms) to ensure that the partly cured sam-
ples can be adequately handled in the rubbery state. Within 
the present work, utilize the crossover of G′ and G′′ at 1 Hz as 
a rheological criterion to define the GP as suggested in [55]. 
Indeed, the rheology-based Winter-Chambon criterion [56] is 
well established for determining the GP of thermosets but en-
suring the selected isothermal curing temperatures exceed the 
glass transition temperatures at GP (T > Tg,GP + 30

◦

C) as pro-
posed in [55], the G′ and G′′ criterion remains valid. Typically, 
gelation is characterized by a temperature-independent degree 
of cure at gelation �GP rather than a (temperature-dependent) 
specific time [57]. Combining isothermal oscillating rheome-
ter measurements with the reaction kinetics enables us to cal-
culate ξGP solving Equations (1,2) for the temperature profile 
recorded during the isothermal dwellings (Figure 1d). An ini-
tial degree of cure of 0.01 compensates for the 30 s that elapse 
between filling and closing the rheometer gap and starting 
the measurement. The calculations yield �GP =0.56 ± 0.03, 
which is in good agreement with the theoretical value of 
0.58 calculated according to the Flory-Stockmayer equation 
(Table  S1). Divergences may be explained by the standard 
error of the kinetic model and temperature differences be-
tween the recorded and the actual temperature present within 
the resin specimen. With the reaction kinetics now thoroughly 
characterized, we establish a foundation for manufacturing 
specimens with specific cure states and examine their prop-
erties (Tables 2 and 3).

3.2   |   Design of Cure Cycles to Manufacture 
Specimens With Different Cure States

Customized curing cycles are derived to manufacture test spec-
imens with pre-defined cure states based on previous investi-
gations into the fundamental analysis of the curing behavior. 
The aim is to include the cure dependency ranging from 1 to 
0.58 with the lower limit set by percolation. Indeed, one must 
consider that exothermic overheating and deviation boundary 
conditions may cause significant deviations from the predicted 
cure state [58–60], and temperature variations dominate uncer-
tainties, yielding differences in apparent and predicted degrees 
of cure [61]. Even for specimens of 2 mm thickness, Müller-Pabel 
demonstrates excessive Tg increase of up to 5 K [62]. Therefore, 
the curing time is initially estimated conservatively, and the re-
sulting Tg and degree of cure values are confirmed using DSC. 
The curing process is thus adjusted iteratively to tailor the re-
sulting glass transition temperature (Table  3) reproducibly to 
defined values, even for varying sample thicknesses (which is 
of subordinate importance in our case). Although the total reac-
tion heat is considerable, the heat flow remains minimal due to 
the slow reactivity at the projected initial curing times of 110°C. 
Unfortunately, smaller values than Tg = 10.7 (� = 0.74) could not 
be achieved, as it did not seem practicable to accurately handle 
and analyze test specimens due to low stiffness and intrinsic 
stickiness.

The detailed manufacturing process, including selected cure cy-
cles, is reported in Table S2 in the Supporting information.

3.3   |   Dynamic Thermomechanical Analysis

The cure dependence of the thermomechanical behavior is as-
sessed using small oscillation temperature ramps in the tensile 
mode. The test specimens in a partly crosslinked state are care-
fully mounted to the clamps (cf. Section  S4). Figure  2a shows 
the temperature-dependent modulus for different cure states 
denoted Tg,1–Tg,5. The glass transition temperatures of the partly 
cured states determined according to the tan δ peak criterion are 
shown in Table 3. With decreasing cure-state, the width of the 

(4)�i = 1 −
ΔHR,i

ΔHR,total

TABLE 2    |    Parameters according to Equation (3).

𝚫cp,∞ �cp,0 � Tg,0[°C] Tg,∞ [°C]

0.67 ± 0.03 0.32 ± 0.02 0.47 ± 0.04 −75.5 ± 0.22 81.4 ± 0.14

TABLE 3    |    Details on five different cure-states.

Tg,DSC [°C] �DSC [−] Tg,DMA [°C]

Tg,1 10.7 0.74 10.4 ± 0.7

Tg,2 21.2 0.79 20.4 ± 0.4

Tg,3 41.9 0.88 48.5 ± 0.5

Tg,4 61.6 0.95 67.4 ± 0.1

Tg,5 78.7 1.00 81.4 ± 0.1
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tan � peak width increases, indicating a more inhomogeneous 
network structure [63]. The partly cured states reduce the num-
ber of crosslinking points so that the Tg decreases. Furthermore, 
the intensity of tan δ peaks directly relates to the extent of motion 
associated with the glass transition. Consequently, the more flex-
ible structure of the partly cured system—confirmed by the pres-
ence of soluble fractions (cf. Figure S2) increasing the segmental 
mobility by plasticizing effects—maintains its mobility (signifi-
cantly lower E’, Figure 2a), manifesting in a greater reduction in 
tan δ peak intensity.

While the higher storage moduli confirm the expected slight in-
crease in stiffness [20, 23] for cure states Tg,1–Tg,3 (cf. Table S3) an 
inverse correlation is observed for Tg,4 and Tg,5 as temperatures 
of −50°C already initiate the α-relaxation, involving the local 
motion of flexible long-chain aliphatic groups (and therefore de-
creasing the modulus) that trigger the many molecule coopera-
tive glass transition.

Indeed, an advancing cure cannot be excluded during test-
ing and is calculated based on the recorded temperatures 
and Equations  (1,2). The results are provided in Table  S4 and 
Figure S1, stating an increase of up to 0.1. It becomes apparent 
that the exclusive increase in rubbery modulus of the partly cured 

specimens starting at temperatures of 90°C–105°C matches the 
initiation of the (post) curing process during the DMA measure-
ments (cf. Figure S1). One may attribute the steady increase in 
rubbery modulus to the advancing curing reaction.

Besides that, with a decreasing cure state, the rubbery modu-
lus E�

Tg+50
◦C significantly decreases by up to two magnitudes. 

Still, especially for the partly cured states, we are operating 
at the low-force limits of the DMA in the range of 10 mN [64]. 
So, care should be taken when interpreting the absolute values 
of the rubbery modulus. The undercured specimens exhibit 
decreased network density ve,m calculated from the rubbery 
modulus (Table  S3) and swelling experiments ve,s (Table  S5) 
so that we expect a more flexible network with increased 
plasticity that can be beneficial for the malleability and pro-
cessing of dynamic networks. The ratio ve,m ∕ve,s (Figure  S3) 
is particularly pronounced for the low network densities, in-
dicating that the actual cure-dependent variation in network 
densities may be smaller than suggested by the tremendous 
change in rubbery modulus values. Considering the extrapo-
lation of the characteristic temperature (Tv) according to the 
Maxwell relation for viscoelastic fluids with a relaxation time 
�∗ = �∕G, with G being the rubbery shear modulus and � the 
shear viscosity (1012 Pas [3]) at the liquid-to-glass transition, 

FIGURE 2    |    Module development for the different cure states Tg,1–Tg,5 (a). Tensile stress relaxation experiments for the fully cured material Tg,5 for 
temperatures ranging from 100°C to 220°C (b). Stretching exponent � and average relaxation times ⟨�⟩ according to Kohlrausch−Williams−Watts 
function (c). Tensile stress relaxation experiments for different cure states Tg,1–Tg,5 (d).
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underestimated rubbery moduli E’1 would significantly re-
duce the extrapolated viscoelastic solid to the viscoelastic liq-
uid transition temperature.

3.4   |   Cure-Dependent Relaxation Behavior

Tensile stress relaxation trials of the fully cured state are con-
ducted in a broad temperature range (100°C–220°C, Figure 2b). 
The lower boundary of 100°C was selected as the fully cured 
material remains a constant rubbery modulus above this tem-
perature (cf. Figure 2a). We choose the Kohlrausch–Williams–
Watts (KWW) stretched exponential decay [65] to fit the tensile 
stress relaxation response for the different cure-states separately 
(Figure S4):

where �∗ represents the relaxation time, β the stretching expo-
nent, and E(t) the decay in relaxation modulus at time t related 
to its initial value E0. The β values (0 < β ≤ 1) describe the width 
of the relaxation time distribution, with lower β values associ-
ated with greater width and more heterogeneous segmental 
dynamics [66]. The parameters � and �∗ are fitted for each tem-
perature (Figure  S4) and subsequently the average relaxation 
time is calculated as follows [67]:

where Γ is the gamma function. The activation energies Ea 
of flow is calculated assuming an Arrhenius-like behavior of 
the average relaxation time ⟨�⟩ = �0 exp

�
Ea
RT

�
, with Ea being 

calculated to 109 kJ mol−1, which is in the range of disulfide 
vitrimers reported in literature [5, 6, 68]. Even for the inves-
tigated broad temperature range, an excellent Arrhenius-type 
temperature dependence of relaxation times was obtained 
with R2 located above 0.99 (Figure  2c). The stretching coef-
ficient β values (Figure 2c, Table S6) range from 0.58 to 0.73 
and are dependent on the temperature, proposing a gradual 
relaxation homogeneity increase with increasing temperature. 
At elevated temperatures, the disulfide bonds situated within 
flexible chain segments are less influenced by segmental mo-
tion and can exchange more freely, resulting in a more singu-
lar relaxation process [36]. At lower temperatures, the effects 
of the glass transition become noticeable, partly constraining 
the segmental motion and resulting in a less singular relax-
ation process. Therefore, a temperature of 140°C is selected to 
analyze the undercured states to minimize the effects of the 
glass transition and, simultaneously, to rule out significant 
advancement of the curing process relaxation tests.

Tensile stress relaxation trials of the partly cured states Tg,1–Tg,5 
(Figure 2d) quantify the disulfide bond exchange kinetics and 
segmental relaxation at different cure states. Figure 3a shows 
the KWW fit of the normalized stress relaxation data at 140°C, 
and Figure 3b shows the apparent cure dependence of β and 
⟨�⟩. Apparently, we observe a gradual increase of stretching 

with increasing cure state (β declining from ∼0.83 to ∼0.61), 
suggesting a gradual increase of relaxation heterogeneity 
with increasing cure-state. Generally assuming that glasses 
exhibit dynamical heterogeneities and that such heterogene-
ities disappear as the material is heated far above Tg [66], a 
greater ΔTi = 140

◦

C − Tg,i facilitates a more homogeneous 
relaxation time distribution. Still, even ΔT values of ∼130 K 
show a stretched relaxation and are not sufficient to homoge-
nize the decay to a single exponential function (� = 1) and may 
be associated with the ongoing curing process (cf. Figure S5, 
Table  S7) or the soluble fractions and accompanied network 
heterogeneities broadening the relaxation spectrum. The 
model predicts post-curing contributions of 0.02–0.04 during 
the initial dwelling period and an additional 0.02–0.04 during 
the measurement phase, resulting in both the ξ after soaking 
and the apparent ξ observed during testing located above the 
initial �0 value. For evaluation in Figure 3b, the mean value of 
Tg calculated from the apparent ξ values observed during test-
ing is employed to account for the advancing reaction.

In the undercure states, the average relaxation time ⟨�⟩ signifi-
cantly decreases by a factor of ∼30 (Figure 3b, Table S8), show-
casing the superimposed effect of (i) increased segmental motion 
and S  S mobility due to reduced network density ve (cf. Tables S3 
and S5)—a function of unreacted primary/secondary amines; and 
(ii) catalytic activity of unreacted amines on S  S exchange. These 
superimposed effects appear to be very effective in temporarily 
reducing relaxation times and offer the potential to be applied ex-
plicitly during processing to lower viscosity and potentially open 
up “melt” processing for vitrimers. Based on our investigations, 
we provide a statement regarding the cumulative effects of (i) and 
(ii), although it remains challenging to deconvolute individual 
contributions. The aliphatic monomer produces extended linear 
polymer strands between crosslinks, which generally results in 
longer relaxation times. Consequently, the dynamic exchange of 
disulfide bonds may not represent the sole rate-limiting mecha-
nism. In contrast, intermediate cure states and associated lower 
crosslink densities significantly shorten relaxation times, thereby 
complicating the deconvolution of the individual contributions 
from segmental relaxation and bond exchange kinetics—even 
considering recent theoretical advances suggesting an intricate 
interconnection between these two processes [69, 70].

Indeed, reduced network densities can be reached by changing 
the stoichiometry of the amine-epoxy groups. Still, this yields 
deterioration of mechanical properties [71] and is not desirable. 
Therefore, utilizing partly cured states can guarantee sufficient 
mechanical properties in the final cured state and temporarily 
accelerate segmental relaxation and dynamic bond exchange 
rates. Besides the segmental relaxation and dynamic bond ex-
change rates, the following section focuses on the cure depen-
dence of the onset of plastic flow characterized by the topology 
freezing temperature.

3.5   |   Thermomechanical Analysis to Investigate 
Cure Dependence of the Vitrimer Transition 
Temperature

Thermomechanical analysis has proven a well-suited ap-
proach to detect malleability-induced shape changes of vitrimer 

(5)
E(t)

E0
= exp

[
−
(
t

�∗

)�
]
,

(6)⟨�⟩ =
�∗Γ

�
1

�

�

�
,
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materials [28, 29]. Still, unlike fully cured specimens, the total 
strain �t = �th + �ch of partly cured specimens compromises a 
thermal �th and a chemical �ch contribution. The chemical con-
tributions result from the chemical shrinkage (2–7 vol.-% for 
epoxy resins [72–75] corresponding to linear strain values �ch of 
0.67%–2.28% 2), causing a negative strain counteracting the ther-
mal expansion during the heating ramp applied in the TMA. 
Therefore, it is crucial to quantify the negative strain to clearly 
identify the actual vertex of the solely temperature-dependent 
thermal strain to identify uniquely Tv. For this, we utilize the lin-
ear correlation of the chemical shrinkage and curing reaction, 
which has been demonstrated in numerous studies for epoxy 
resins [43, 72] and vitrimers [9]. We use a two-step protocol 
[43] to determine the linear chemical shrinkage strain occur-
ring during the curing reaction (Figure S6). The cure-induced 
gap-change and the present temperature profile are recorded 
during the second, normal-force controlled isothermal dwelling 
step. Equations  (1,2) are solved for the recorded temperature, 
enabling us to predict the curing degree during the isothermal 
dwelling step (Figure 3c), and the recorded gap change is trans-
formed into the linear chemical shrinkage strain �ch.,l described 
by Equations (S10, S11). Plotting the linear chemical shrinkage 
versus the degree of cure development yields a close-to-linear 
correlation (Figure 3d) with R2 values of 0.987, stating a good 

correlation. These correlation facilitates the prediction of post-
curing behavior and chemically induced strain during TMA 
heating, particularly in samples exhibiting intermediate cure 
states and elevated sol fractions indicative of residual unreacted 
monomers (Table S5).

Figure 4a shows the total superimposed (contributions of ther-
mal expansion and chemical shrinkage) strain and the adjusted 
curves by adding the chemical strain contribution (dashed). 
Independently of the cure-state, the thermal strain derivative 
(Figure 4b) exhibits constant values of 68–71⸱10−6 K−1 (Figure S8, 
Table S9) and represents the coefficient of thermal expansions 
(CTE) in the glassy state. The values are located in the typical 
range of epoxy resins in the glassy state [72, 73, 77]. In the glassy 
state, the mobility of the molecules remains limited, so the effect 
of network formation on the expansion properties of the glass 
is of subordinate importance. Conversely, for T > Tg, mobility 
of the molecules increases. As a result of the higher molecu-
lar mobility, the advancing network structure (with increased 
cure-state) increasingly reduces the mobility of the molecules. 
Thus, a higher network density constraints the polymer chains 
and reduces mobility yielding smaller CTE values [73, 78]. 
Therefore, the thermal strain derivative shows a second plateau 
that describes the CTE in the rubbery state with values ranging 

FIGURE 3    |    Normalized stress-relaxation curves and dashed fit according to the Kohlrausch−Williams−Watts function (a). Cure dependence of 
stretching exponent � and average relaxation times ⟨�⟩ (b). The gap change was recorded during isothermal dwellings in the rheometer, and the cur-
ing process was calculated utilizing the recorded temperature profile (c). Cure dependence of chemical shrinkage strain (d).
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9 of 13

from194 ± 5⸱10−6 K−1 for the fully cured up to 495 ± 30⸱10−6 K−1 
for Tg,0 (Figure S8, Table S9).

According to Hubbard et  al., the peak value represents the 
vitrimer transition Tv and the presence of dynamic covalent 
bond exchange [29]. Therefore, the circles in Figure 4a iden-
tify the maximum values indicating Tv and are summarized in 
Table S9. Furthermore, it becomes apparent that the reaction 
process proceeds during the heating ramp, reporting small 
increases of 0.01–0.02 up to reaching Tv (Table  S9). Still, in 
Figure 4c a strong cure dependence of Tv is observed, which 
shows a close-to-linear correlation with the apparent degree 
of cure at Tv (Table S9). The partly cured states shift the initi-
ation of viscoelastic flow to lower temperature regimes, con-
firming the significantly decreased relaxation times, which 
already indicated an increased considerably bond exchange 
rate. Therefore, the bond exchange rates of disulfides signifi-
cantly increase in the partially cured state and may be utilized 
to control relaxation times and viscosity to improve the man-
ufacturing capabilities of the vitrimer system. To assess the 

broader implications of the reduced Tv in intermediate cure 
states and extract actionable insights for processing, the pre-
vious results are consolidated into a CTP diagram, which is 
discussed in the following section.

3.6   |   Conversion–Temperature Phase Diagram

Processing a vitrimer is a rather complex process involving tran-
sitions and various partly superimposed transformations. This 
circumstance necessitates a distinct representation in a transfor-
mation diagram to understand the material behavior and facilitate 
thoughtful advanced process design. Conversion–temperature 
phase diagrams (CTP) constitute valuable tools for representing 
main transformations such as gelation, vitrification, and vitrimer 
transition during the processing of vitrimer resins and, therefore, 
are well suited to investigate different complex curing kinetic steps.

Compiling reaction kinetics, gelation measurements, cure-
dependent glass, and vitrimer transition temperatures enables us 

FIGURE 4    |    Expansion strains were recorded during the thermomechanical analysis. The solid lines show the superimposed total strain, while 
the dashed lines show the curve adjusted by the chemical strain contribution. Maximum values to identify Tv are indicated (a). Derivative thermal 
strain curves extracted from the dashed curved in (a) implicitly identify glassy and rubbery regimes (b). Cure dependence of Tv approximated by a 
linear fit (c). Conversion–temperature phase diagram considering cure dependence of Tg and Tv while including generic processing cycles (i–iii) of 
partly cured materials (d).
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10 of 13 Journal of Polymer Science, 2025

to construct a CTP diagram according to Adabbo and Williams 
[79], depicted in Figure 4d. Figure 4d indicates distinct phases: 
glassy, liquid, rubbery, and liquid-like and associated transi-
tions. In our study, the key novelty is the introduction of a cure-
dependent Tv, delineating the transition between viscoelastic 
rubber and viscoelastic fluid with macroscopic flow. Nonetheless, 
it is essential to note that Tv does not represent a sharp transition 
attributed to a distinct temperature. Instead, it exhibits a more 
gradual transition whose characteristics are influenced by exter-
nal parameters such as mechanical loading [29, 30].

Various generic curing cycles (i–iii) (Table  S10) are drawn to 
demonstrate exemplary application: For cycle (i), the resin first 
gels and transitions directly from the liquid into the liquid-like 
percolated region. With the reaction proceeding during the iso-
thermal dwelling at 120°C, the resin undergoes liquid-to-rubber 
transition at � ∼ 0.82. After subsequently increasing the tempera-
ture to 150°C, a percolated fluid is restored before the network 
reverts to the rubbery state until the end of the curing process.

Particularly interesting is the liquid-like percolated region, 
which is accompanied by fast dynamic bond exchange rates. 
So, designing manufacturing processes that utilize accelerated 
segmental relaxation and bond exchange is desirable. The cure 
cycle (ii, Table S10) illustrates a ramped heating that maintains 
the percolated fluid state for 80 min before cooling in the glassy 
state. It, therefore, seems plausible to utilize this timeframe for 
continuous processing (e.g., extrusion) and harvest the decreased 
viscosities elicited by the low crosslinking densities and acceler-
ated segmental relaxation and bond exchange rates. Still, it is also 
essential to consider the proceeding curing reaction and the ac-
companying development of crosslinking density and mechani-
cal modulus. Another scenario (iii, Table S10) involves designing 
a single discontinuous or multiple consecutive isothermal dwell-
ing cycles (e.g., multistep thermoforming) to utilize the advanced 
malleability in the partially crosslinked state.

Therefore, the CTP diagram enables us to delineate processing 
cycles capable of sustaining the viscoelastic-plastic flow regime 
with enhanced dynamic covalent bond exchange kinetics for 
durations exceeding 60 min while concurrently suppressing the 
extent of cure advancement. This processing window facilitates 
reactive processing of the percolated network at reduced viscos-
ities, which may be advantageous for shaping and consolidation 
operations. Nonetheless, these conditions must be contextualized 
within the framework of a specific processing protocol. Particular 
attention must be paid to boundary conditions, as secondary 
thermal contributions during processing—arising from internal 
frictional heating (e.g., shear heating in screw processing) or exo-
thermic residual cure reactions—may induce significant devia-
tions from the prescribed time–temperature trajectory.

4   |   Conclusion

In conclusion, we have examined the cure-state dependence 
of disulfide bond exchange rates and Tv. Our primary interest 
was quantifying the effect of transient partly cured states on the 
associative bond exchange dynamics and accompanied viscos-
ity to provide new perspectives for bridging the high-viscosity 
behavior of vitrimers with the processability requirements of 

conventional polymer manufacturing. Stress relaxation tests on 
partially cured specimens demonstrate that the relaxation times 
may be reduced by at least one magnitude and thus suggest that 
in the partially crosslinked state, the dynamic bond exchange 
and segmental relaxation rates are significantly accelerated, 
likely due to the lower crosslinking density and the catalytic ef-
fects from free pending amine groups. Therefore, further studies 
are required to deconvolute the contributions of segmental mo-
tion and bond exchange reactions in a selective manner.

Another aspect of this work was to explore the cure dependence of 
the dynamic nature of aromatic disulfide bonds within a transient 
network and if the dynamic bond exchange remains permissible 
for partly cured systems at mild temperatures. Therefore, we em-
ploy thermomechanical analysis to detect the transition of a tran-
sient network subjected to applied stress from entropy elastic to 
the plastic flow regime. A phenomenological approach allows us to 
separate the change in strain due to thermal expansion from that 
triggered by post-curing shrinkage. Thus, we can demonstrate 
an evident effect of the cure state on the onset of the plastic flow 
regime tied to the temperature Tv which may be associated with 
the presence of associative dynamic covalent bond exchange reac-
tions. The key observation was that Tv linearly depends on the cure 
state and increases with increasing crosslinking density. Finally, 
we consolidate all data into a conversion–temperature phase di-
agram accounting for the cure dependence of Tv. For the investi-
gated dynamic disulfide epoxy network, we identify a processing 
window that maintains the plastic flow regime with accelerated 
bond exchange rates for more than 1 h while minimizing the cure 
progress. This provides sufficient time for the reactive processing 
of the percolated fluid with reduced viscosity. However, practical 
implementation requires careful consideration of process-specific 
factors such as internal friction and residual reaction heat, which 
may cause deviations from the intended time–temperature cycle.

Although the reported relaxation times may not yet support true 
“melt” processing of vitrimers, we hope the results of this work 
will provide a foundation for tailoring disulfide-based vitrimer 
systems to specific processing needs and open new opportuni-
ties for engineering applications that leverage reactive process-
ing in the partially cured state.
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Endnotes

	1	Assuming homogeneous isotropic behavior and Poisson's ratio v of 0.5 
in the rubbery state and utilizing Lamé coefficients, G may be substi-
tuted with E’∕(2(1 + v)).
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	2	�ch =
(
1−�ch,vol.

)1∕3
− 1, with �ch,vol. corresponding to the volumetric 

change caused by chemical shrinkage [43, 76].
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