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ABSTRACT

The need for efficient, sustainable manufacturing methods has driven significant interest in vitrimer-based
composites, known for their reprocessability and dynamic covalent networks. Here, we present a new mold-
less manufacturing method using radio frequency (RF) heating to reshape vitrimer composites. Two trans-
esterification vitrimer polymer systems with distinct thermal properties were synthesized, incorporating
bifunctional and tetra-functional epoxides to tune rigidity. Optimal RF heating was achieved by incorporating 3
wt% carbon black in the polymers, enabling rapid, localized heating and efficient deformation of vitrimer plates.
Additionally, multi-physics simulations were performed to correlate the relation between conductive filler
percentage and RF heating. The RF-forming process demonstrated successful reshaping of vitrimers at temper-
atures above the glass transition temperatures, resulting in stable structures without using molds. Furthermore,
the two vitrimer composite samples were RF-formed and welded together; welding was done at topological
freezing temperature of vitrimers to ensure covalent bonds at the interface. This study reveals the potential of RF
heating and forming as an energy-efficient, moldless technique for rapid prototyping and reprocessing of

vitrimer-based composites, offering a promising alternative for advanced manufacturing applications.

1. Introduction

Processing and fabrication of polymers and their composites are
experiencing rapid growth, with an estimated market value of $144.5
billion by 2028 [1]. This growth is driven by the increasing adoption of
polymers in several industries such as electronics, automotive, and
medical devices. Thermoplastics have gained traction for their recycla-
bility, ease of processing, impact resistance, and repairability. Tradi-
tional methods for manufacturing and processing thermoplastic or
thermosetting polymers [2,3] include compression molding, injection
molding, blow molding, rotational molding, extrusion, thermoforming,
and incremental forming. [2,3]. With a recent push towards sustain-
ability, a wide range of work is being done on manufacturing and pro-
cessing of polymers with covalent adaptable networks (CANs) that have
unique properties like self-healing and shape-memory vitrimers [4-6].

Polymers with CANs can change their network topology in response
to external stimuli. CANs can be categorized into two types: dissociative
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CANs [7-9] and associative CANs [10]. Associative CANs are particu-
larly promising since these polymers maintain their integrated structure
when the reversible covalent bonds break by ensuring a constant
crosslink density in the network. In 2011, Leibler and co-workers
created epoxy vitrimers using associative CANs, incorporating trans-
esterification catalysts into epoxy/acid or epoxy/anhydride polyester
networks [10]. Since their inception, various exchangeable reactions
have been discovered and explored, including transesterification [11],
disulfide exchange [12], transalkylation exchange [13] and many more
[14-16]. These materials are termed vitrimers since their viscosity
behaviour approaching the glass transition temperature (Ty) follows an
Arrhenius law and is analogous to vitreous silica. Vitrimers are char-
acterized by a topology freezing transition temperature (Ty), above
which the reversible crosslinking reaction can be achieved at higher
rates, enabling self-healing capabilities and reprocessability [17,18].
Typically, vitrimers exhibit T, > Ty; this is exciting as most applications
of polymers are below or close to Tg. Most of the previous work has
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focused on either vitrimer processing and crosslinking [19-21], or on
crosslinked vitrimer healing [22], bonding [23,24], recycling [25], and
disassembly-reassembly [26,27].

As polymer composites and vitrimers are finding widespread appli-
cations, a need for rapid prototyping structures has emerged. All tradi-
tional methods of manufacturing composites require dies or mold for a
desired geometry; fabrication of dies and molds through machining is
expensive and time-consuming and becomes the bottleneck when
designing and manufacturing prototypes. Polymer forming techniques
are low-cost methods as they require little or no molds for
manufacturing. In thermoforming, plastic sheets are formed over a
single mold at elevated temperatures and pressure [28], whereas in in-
cremental forming [29,30] a material sheet is deformed into desired
shape through a series of controlled movements without the need for a
dedicated die. [30,31] In both of these methods, polymers are heated
below melting temperatures to achieve softening but not flowability,
this ensures that the polymer chains can be deformed or stretched under
stress into desired shapes [28,32]. Upon cooling, the polymer network
sets into a permanent shape. Forming operations are done on thermo-
plastics, as thermosets have a set network that inhibits chain movement.
To date, forming of vitrimer polymers has not been attempted or stud-
ied. The two requirements for forming materials are pressure and tem-
perature: localized pressure can be applied by “pinching" polymeric
sheets using robots, and a new method of RF heating can be used for
targeted, energy-efficient, and localized heating.

Recently, it was discovered that carbonaceous material systems heat
in response to electric fields in the RF range (1-200 MHz) [33]. The RF
heating response of composites with carbonaceous fillers depends on the
material dielectric properties and the electric field intensity and fre-
quency. Polymers can be reinforced by conducting fillers such as CB,
carbon fibers, and graphene, and the electrical properties and resulting
RF heating of these composites can be tuned as a function of filler
concentrations [34,35]. Compared to conventional processing methods,
RF heating provides energy-efficient, non-contact, out-of-oven heating.
Compared to traditional thermal processing techniques, RF heating is
energy-efficient, non-contact, and out-of-oven. Unlike induction heat-
ing, which demands closed-loop applicators and high power inputs [36],
resistive heating, which necessitates direct contact [37], or microwave
heating, which often results in uneven heating and requires stringent
safety measures [38], RF heating penetrates deeper and provides se-
lective heating tailored by material composition [39]. Thus, RF heating
is particularly advantageous for moldless manufacturing, enabling rapid
prototyping and efficient shaping of polymeric systems like vitrimers.

In this work, we developed a custom-built RF-forming machine that
integrates localized RF heating with controlled actuation to form vitri-
mer composites into complex shapes without dies or molds. We also
explored the method’s effectiveness on two vitrimer systems with
different thermo-mechanical properties and demonstrated the applica-
tion in welding different vitrimer chemistries through transesterification
rearrangement reactions. Additionally, we developed a multi-physics
simulation model explaining the RF heating response of carbon black-
reinforced vitrimer composites.

2. Methods
2.1. Materials for polymer synthesis

The required materials for synthesis of vitrimer polymers, such as
adipic acid, 4,4-Methylenebis(N,N-diglycidylaniline)(Tetrafunctional
epoxide), and catalyst 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) were
purchased from Sigma Aldrich. Diglycidyl ether of Bisphenol A (DGEBA)
epoxide (EPON 828, bifunctional epoxide) was purchased from Sky-
Geek, USA. RF susceptor carbon black (100% compressed, surface area:
80 m?/g) was procured from Alfa Aesar. Solvents toluene and acetone
were procured from Fischer Scientific. Other lab consumables, including
adhesive Teflon sheets and high-temperature Kapton tape were
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purchased from McMaster.

2.2. Synthesis of vitrimer polymers

To show the flexibility of RF-forming method for applicability for
different systems, we synthesized two vitrimers with different glass
transition temperatures (Tg), in line with our previous work [23,40]. The
fabrication process is depicted in Fig. S1. For the first vitrimer, we used
1:1 equivalent molar stoichiometric amount of adipic acid and bifunc-
tional epoxide (EPON 828) containing 5 mol% of catalyst TBD. Initially,
catalyst and epoxide were mixed using a magnetic hot plate stirrer at
120 °C for 2 min, followed by adding adipic acid; this mixture was
additionally stirred for another 10-15 min to yield a clear homogenous
mixture. The resulting solution was poured into a mold and kept under a
vacuum for 2 min to remove air bubbles. The specimen was then heat
pressed at 160 °C and cured for 7 h under 1 MPa pressure, and the
system was termed V-Low (Table 1). Another set of vitrimers (V-High)
containing tetra-functional epoxide and bifunctional epoxide were
fabricated by keeping the polymer weight ratios at 50 wt% each. The
adipic acid was added to the above mixture of epoxides with 1:1
equivalent molar ratio after adding 5 mol% catalyst TBD. The mixing
and degassing of the resin mixture followed the same steps as stated
above for the first vitrimer composition; however, the curing process in
the heat press was carried out at 180 °C for 7 h under 1 MPa. Vitrimers
with only bifunctional epoxides will have lower T as compared to vit-
rimers with a combination of bi- and tetra-functional epoxides; there-
fore, the former vitrimers with lower T, are termed as V-Low, and the
latter with higher T, are termed as V-High.

Several fillers, including carbon black (CB), carbon nanotubes
(CNTs), graphene, and metallic particles, have been explored as RF
susceptors [39]. CB was selected in this study due to its
cost-effectiveness, ease of dispersion, and broad processing viscosity
range. CNTs and graphene typically pose challenges in dispersion and
increased viscosity at low concentrations. Metallic particles can achieve
high heating rates but significantly alter viscosity and can adversely
affect mechanical properties by introducing brittleness. Therefore, CB
was incorporated into the synthesized polymers to change their elec-
trical conductivity and enhance RF heating.

Different concentrations of CB ranging from 0.1 to 5 % were added to
V-Low polymers, and specimens of similar size were heated using the RF
device. CB concentration was systematically optimized to achieve an
optimal balance between heating efficiency and processability. CB
concentration that yielded the highest change in temperature per unit
time at constant power and frequency was used for making ~2.5 mm
thick plates of V-Low and V-High vitrimer chemistries. These plates were
stored in desiccant chambers for further characterization and RF-
forming process.

2.3. RF-forming machine fabrication

RF-forming is an innovative manufacturing process that utilizes RF
heating to form materials with enhanced energy efficiency compared to
conventional heating methods. In this study, we employed RF-forming
to process recyclable and reprocessable vitrimer materials, introducing
a novel approach to advanced manufacturing. Vitrimers were selected

Table 1
Compositions for the fabricated samples.
Sample Epoxy content (%) Carbon black
%
name Bifunctional Tetrafunctional (%)
epoxide epoxide
V-Low 100 0 0
V-High 50 50 0
CB/V-Low 100 0 3
CB/V-High 50 50 3
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due to their broad thermal transition temperature window, which is
ideal for RF-forming applications.

Pressure and temperature are two key fabrication parameters to
deform any polymer or its composite. To achieve this, the RF-forming
machine combined a linear actuator, driver, load cell, sample holder,
and RF applicator on an 80/20 aluminium extrusion frame (McMaster
Carr). The linear actuator is used to achieve localized pressure; the
actuator is driven by a HW 039 H-bridge driver that is controlled by an
Arduino. The tip of the actuator has a 3D-printed head that houses the
load cell and a glass-tipped probe to press on the material that is held by
the specimen holder. We chose a glass tip for localized pinching since
glass is a ceramic material, and its mechanical properties are not
affected within the temperature ranges used for polymer processing. The
heating mechanism in the machine uses RF heating. The RF heating
system consists of a signal generator (Rigol Inc., DSG815) and a 100 W
amplifier (Minicircuits ZHL-100W-GAN+) that delivers RF power to the
RF applicator through a 50Q2 coaxial cable. A FLIR infrared camera (FLIR
Systems Inc., A400) was used to record the surface temperature during
RF heating and was processed using FLIR Research Studio. An emissivity
value of 0.9 was selected. Calibration was done by comparing temper-
ature with a type K thermocouple over a temperature range of
25 °C-175 °C, with minimal differences observed. Unlike conventional
heating methods, our RF-forming setup ensures precise, non-contact
heating, minimizing energy loss and enabling localized material
softening.

Next, we assembled the RF forming machine as shown in Fig. 1. Prior
to assembly, we ensured the accuracy and reliability of the instrument
by verifying key parameters such as expected loading conditions, the
distance between the probe and the RF applicator, appropriate clamping
for various components, and the designated heating zones. A 10 N load
cell was attached to the probe head to measure the applied force during
the forming experiment. Calibration of the load cell was performed
using a series of known loads and measuring the resulting voltage re-
sponses (Fig. S2); these were fitted to a non-linear equation as described
in the manufacturer’s datasheet. Due to the small effective area of the
load sensor, a freely moving piston assembly with a striking pin was
employed to accurately transfer the applied load to the load cell,
detailed in Fig. 1.

The rest of the machine assembly, particularly the frame constructed
from aluminum extrusions and the linear actuator, was designed to be as
rigid as possible to minimize mechanical deflection during operation.
The sample holder and the RF applicator holder were 3D-printed with
PETG, providing the flexibility to extend the system’s degrees of
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freedom for accommodating more complex geometries and loading
conditions in future iterations of the machine. Glass was chosen as the
indenting material for the probe tip due to its high-temperature resis-
tance and to minimize the use of metallic components near the RF
applicator. This choice helps ensure efficient and safe heating of the
material without interference from external metallic reflectors. Other
parts, such as the sample stage, probe, and load cell holding compo-
nents, were also 3D-printed using PETG filament (Fig. S2).

The RF applicator was positioned with an offset from the glass tip so
that during RF-forming operations, the specimen was heated by the RF
field. The actuator initiated deformation as heat conducted through the
material (Fig. 1 inset). This offset provided a “pinching" operation on the
specimen in the form of shear or bending load, depending on the
boundary conditions chosen for the experiment. The offset prevents
direct contact between the actuator and the RF applicator, which is
designed not to move during the process. Some compliance was built
into the RF applicator mounting to ensure that it does not break under
the applied stress.

The entire assembly was controlled by an Arduino Uno board
running custom code that monitored, through three sensors: force,
displacement, and actuator state (extension, retraction, and stop). The
Arduino communicated these readings in real-time to a MATLAB script
running on a connected windows laptop. The MATLAB script recorded
the sensor data at each time point for subsequent analysis. The RF
heating system was independently controlled using another laptop
running FLIR Research Studio v2024.5.0, with the heating parameters
(frequency and power) manually adjusted on the signal generator.
Fig. S10 shows the control diagram for the whole machine.

2.4. Polymer characterization

Thermo-mechanical properties of the synthesized vitrimers were
measured using differential scanning calorimetry, thermomechanical
analysis, and dynamic mechanical analysis machines.

2.4.1. Differential scanning calorimetry (DSC)

Thermal analysis of the synthesized polymers was performed using a
TA Instruments Q2000 Differential Scanning Calorimeter (DSC). The
experiments were conducted over a temperature range of
—10°C-250 °C at a heating rate of 5 °C/min under a controlled nitrogen
atmosphere. The glass transition temperature (Tg) of the polymers was
determined from the second heating cycle, using the tangent method on
the heat flow curve. This analysis provides critical insights into the

Forming Head
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Fig. 1. In-house assembled RF-forming machine showing the signal generated, amplifier, frame, displacement actuator, RF applicator, sample supporting stage, and
probe head having load cell sensor, and glass tip. Inset images representative of manufacturing to form/change the dimension of the sample during RF forming.
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thermal transitions and stability of the vitrimer systems.

2.4.2. Thermomechanical analysis (TMA)

Thermomechanical properties of the synthesized vitrimers were
characterized using a PerkinElmer, TMA7 thermomechanical analysis
instrument. Circular disc specimens with a thickness of 2.5-3 mm and a
diameter of 4.5 mm were prepared using a precision punching tool. Each
sample was subjected to a static mechanical force of 0.1 N, applied via a
6 mm diameter quartz glass probe. The samples were heated at a
controlled rate of 5 °C/min, with the temperature range spanning from
0 °C to 300 °C. The topological freezing temperature (T,) was deter-
mined as the temperature at which a significant dimensional change was
observed, corresponding to the onset of network rearrangement in the
vitrimer material. This parameter provides insight into the thermo-
mechanical stability and processing window of the fabricated vitrimers.

2.4.3. Dynamic mechanical analysis (DMA)

To evaluate the flowability properties of the fabricated vitrimers,
non-isothermal creep behaviour was assessed using a Dynamic Me-
chanical Analyzer (DMA, Electroforce 3200, TA Instruments). Rectan-
gular specimens measuring 30 mm in length and 5 mm in width were cut
from the cured vitrimer sheets. The experiments were conducted across
a temperature range of 25 °C-250 °C, under a constant applied stress of
0.1 MPa. The thermal transitions were recorded at specific temperatures
corresponding to the glass transition temperature (Tg) and the topo-
logical freezing temperature (Ty) of the vitrimer samples. These transi-
tions provide insight into the viscoelastic response and thermo-
mechanical flow characteristics of the materials.

2.4.4. Multi-physics simulations

Multi-physics simulation model for RF heating was developed using
the Finite Element Method (FEM) via COMSOL Multiphysics 5.5 (Com-
sol Inc., Boston, MA, USA). The geometry and dimensions of the physical
model were based on the RF applicator and polymer setup described
earlier. The RF fields were solved using Maxwell’s equation:

V2E =jwpu(c + joe)E (€))

where E is the electric field (V/m), o is the angular frequency (rad/s),
is the permeability, ¢ is the electric conductivity (S/m), and ¢ is the
complex permittivity.

The complex permittivity ¢ is given by:

e =¢€otr =& (€, — jE) 2

where ¢, is the relative dielectric constant and ¢, is the relative loss
factor.

The interaction between the polymer material and the RF fields re-
sults in the conversion of electric energy into heat, governed by:

P=2nfe.é |E] 3

where P is the heat generation (W/m>), and fis the RF frequency (Hz), f
=0/2 7.

Heat transfer within the polymer material is described by the heat
conduction equation:

JaT

gzv-(kVT) +P (&)

PCp
where p is the density (kg/m3), C, is the specific heat (J/(kgeK)), T is
temperature (°C), t is time (s), and k is the thermal conductivity (W/
(meK)).

The heat transfer boundary condition is:

oT

fk%:h(n —Ty) (5)

where Ts is the polymer surface temperature (°C), T, is the air

Carbon 238 (2025) 120304

temperature (~20 °C), and h is the convective heat transfer coefficient
W/ (mZK)). The value of h was determined by comparing the simulated
cooling curve with experimental cooling data of the polymer after RF
heating. Various values of h values were tested, and the best agreement
was achieved at h = 15 W/(m?K) (as illustrated in Fig. S4), which was
used in all RF heating simulations

To simulate the RF heating of vitrimer materials with three CB
concentrations (0.5 %, 3 %, and 5 % by weight), corresponding electrical
conductivity values of ¢ = 0.02, 0.2, and 2 S/m were used as model
inputs. The electric conductivity values were extrapolated from Anas
et al. [41] The thermal properties of the vitrimer materials, including
density, thermal conductivity, and specific heat, were obtained from
Vashisth et al. [34]

3. RESULTS and discussions
3.1. Polymer synthesis and characterization

The success of the RF-forming process relies on the thermomechan-
ical properties of the polymer, particularly the ability of polymer chains
to extend, mobilize, or slide under controlled loads. Unlike traditional
shape memory polymers, vitrimers exhibit flow behaviour through
reversible dynamic bond exchange reactions without relying on melting.
During RF-forming, applying RF heating and pressure induces molecular
chain mobility, and the stress points facilitate bond exchange reactions.
This results in permanent deformation, enabling the formation of parts
with stable structures that retain their integrity above their service
temperature. To assess the viscoelastic properties required for RF-
forming, we synthesized two different vitrimers with tailored Ty by
adjusting their molecular structures in the crosslinked network (Fig. 2).
The first vitrimer, termed V-Low, was synthesized using only bifunc-
tional epoxide and adipic acid with TBD catalyst, whereas the second
vitrimer, V-High, was created using a 50:50 mixture of tetra-functional
and bifunctional epoxides with adipic acid as the crosslinker, resulting
in a more rigid network (Fig. 2¢). Both synthesized vitrimers (Fig. 2d and
e) contain ester linkages capable of undergoing reversible trans-
esterification reactions in the covalent adaptable network under
external stimuli such as temperature and pressure. This makes them
suitable for reprocessing and advanced manufacturing using RF-
forming.

To understand the viscoelastic and flow behaviour of the synthesized
vitrimers, we conducted TMA characterization under a load of 100 mN
over a temperature range of 0 °C-300 °C (Fig. 3a). The first thermal
transition is seen in form of Tg, this is at observed at 87 °C for V-High and
43 °C for V-Low, indicating higher chain rigidity for vitrimer consisting
of tetrafunctional epoxide. This increase in Ty for V-High (80 °C) relative
to V-Low (51 °C) was also confirmed by DSC scans (Fig. 3b). Further-
more, V-High demonstrated a significantly higher topological freezing
temperature (T) of 248 °C, suggesting restricted polymer chain mobility
due to the incorporation of tetra-functional epoxides, which render the
network stiffer. In contrast, V-Low vitrimers exhibited a lower Ty,
indicating easier flowability. The reprocessability of V-High was further
evaluated through welding and healability experiments (Fig. S5), while
the healing properties of V-Low have been demonstrated in our previous
work. The minimal dimensional expansion with increased temperature
observed for the tetra-functional epoxide-containing vitrimers indicates
that the closely packed crosslinked networks make them more rigid than
V-Low.

Next, we examined the creep performance of these polymers through
non-isothermal creep experiments. V-High was observed to be stiffer and
less flowable as compared to V-Low at similar temperatures (Fig. 3a and
b). For non-isothermal creep at 0.1 MPa and 0.5 MPa stresses, we see
sharp transitions at 59 °C and 71 °C for V-Low, whereas similar transi-
tions are observed at 85 °C and 85 °C for V-High, respectively. This
suggests that vitrimers containing multifunctional epoxides like tetra-
functional epoxides require more energy input—in terms of
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temperature and pressure—to undergo deformation. Interestingly,
increased stress for V-High does not change the inflection in the strain-
temperature curve. This increased energy requirement contributes to
more stable molecular structures and, consequently, to the stability of
the deformed parts or shapes once formed.

3.2. Optimizing composites for RF heating

To enable efficient RF-forming of vitrimer composites, we optimized
the CB content to achieve the best heating response under RF fields.

Composites were prepared by incorporating CB into the V-Low vitrimer
matrix at concentrations ranging from 0.1 wt% to 5 wt%. The heating
response of these composites was evaluated using RF heating at a power
input of 5 W and a frequency of 150 MHz (Fig. 4 & Fig. S6). The optimal
CB content was determined based on the heating rate (dT/dt) and the
maximum achievable temperature within 3 min. Our results show that
vitrimers containing 3 wt% CB exhibited the highest heating rates and
temperatures. Average heating rates of 2.12 °C/s was observed for 3 wt
% samples and a maximum temperature of 205 °C was observed after 3
min of RF exposure. The part of the specimen above the applicator heats
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up rapidly, and after RF is switched off the thermal energy distributes
over through the length of the specimen.

At 3 wt% concentration, the CB particles are well-dispersed within
the vitrimer matrix, developing an optimal network that efficiently ab-
sorbs RF energy and dissipates it in form of thermal energy. Above 3 wt
% CB, the composites starts reflecting some of the RF energy, leading to
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decreased heating efficiency [41]. Following optimization, vitrimer
plates containing 3 wt% CB were prepared (Fig. S7) for both V-Low and
V-High systems, as detailed in Table 1. These plates, with a thickness of
approximately ~2.5 mm, were stored in a desiccator for subsequent
characterization and RF-forming experiments.

To understand the thermomechanical behaviour of these CB-based
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Fig. 5. (a) Geometry model used in COMSOL, (b) simulated temperature vs. time and (c) surface temperature distributions (°C) of the materials with three electric
conductivity values (¢ = 0.02, 0.2, and 2 S/m) after 3-min RF heating, and (d) simulated electric field distribution (V/m) within the materials.
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vitrimer composites, we conducted TMA characterization (Fig. S8). We
observed that the T, for CB/V-Low and CB/V-High were 51 °C and 84 °C,
respectively, which are consistent with the values for the pristine V-Low
(51 °C) and slightly lower for V-High (87 °C) samples. Notably, both CB/
V-Low and CB/V-High exhibited decreased percentages of dimensional
change compared to their pristine counterparts, indicating that the
incorporation of CB reduces thermal expansion and enhances dimen-
sional stability during processing. However, the peaks for change in
dimension vs temperature from TMA experiments broadened compared
to the pristine samples suggesting a wider processing window for the
vitrimers. Before RF-forming, the optimized CB-containing vitrimer
composites were cut to dimensions of 70 mm x 5mm x 2.5mm (I x w x
t) using an abrasive belt saw and polished on a belt grinder.

3.3. Multi-physics simulations

Fig. 5 shows the multi-physics simulation results of RF heating for
vitrimer materials with three different electrical conductivity values
representing the dielectric, percolated, and conductive nature of nano-
reinforced polymers (6 = 0.02, 0.2, and 2 S/m). The simulated surface
temperature distributions (Fig. 5b) matched closely with the experi-
mental results for all three CB concentrations (Fig. 4), demonstrating the
ability of the simulation model to predict RF heating behaviour across
different materials. The results also demonstrate that the electric fields
and the resulting heat generation were concentrated in the region of the
material between the two electrodes. The localized heating is attributed
to the fringing field effect, caused by the strong electric field distribution
near the electrodes. Such localization enhances the efficiency and pre-
cision of RF heating, making it an effective processing method where
targeted heating is required.

The simulations further illustrate how variations in electrical con-
ductivity affect the intensity of the electric field and, consequently, the
RF heating rate. Among the three materials, the sample with interme-
diate conductivity (¢ = 0.2 S/m) had the most efficient RF heating,
achieving the highest heating rate under identical conditions (RF power
and frequency).

The heating rate (41) depends on the absorbed RF energy (P) and the
specific heat of the material, as expressed in the energy balance equation
(SI Eq. (1)):

Assuming the vitrimer materials have the same mass (m) and specific
heat (Cp), the RF heating rate is directly proportional to the absorbed RF
energy (P), which itself is proportional to the dielectric loss factor €, and

the square of the electric field intensity (|E\2) (Eq. (3)).
The dielectric loss factor comprises contributions from polarization
losses (el’;) and conductivity losses (¢)) [42]:
g e —g 4O ®)
L A A
For vitrimer materials containing CB, orientation polarization is

negligible compared to conductivity losses [41,43] thatis (¢; = 0). Asa
result, the loss factor simplifies to:

" 4

& = ngo (7)

Substituting into Equation (3), the absorbed RF energy becomes:

4

pP=2 i
mfeoe, 27nfey

E|* = 2nfe, |E]* =o|E]? (8)

The simulation results indicate that the average electric field in-
tensity (E) was approximately 12,000, 7,000, and 1500 V/m for the
vitrimer materials with ¢ = 0.02, 0.2, and 2 S/m, respectively. That is,
the larger electricity conductivity of the polymers with higher concen-
tration of CB reduced the electric field intensity in the heated sample.
Using the relationship 6|E|2 and the 3 wt% CB polymer as the reference
the ratios of absorbed RF energy (P) for the three materials were
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calculated as 0.3:1:0.5 (Table 2). These ratios explain why the material
with 6 = 0.2 S/m (3 % CB) had the highest heating rates, followed by ¢
=2S/mand ¢ = 0.02 S/m. The theoretical calculation is consistent with
the experimental result in Fig. 4. Table 2 highlights the important role of
electrical conductivity and electric field intensity in RF heating of
vitrimer.

These results show that an optimal dispersion achieved at a 3 wt%
filler concentration creates a balanced network where the conductivity
is sufficient to absorb RF energy effectively without overly dampening
the electric field.

3.4. RF-forming and composites assembly

Using RF heating response of 3 wt% CB vitrimer samples, we per-
formed RF-forming on composites to make complex shapes. Fig. 6a-g
illustrates the RF-forming process carried out with the custom-built RF
forming machine. The vitrimer samples were roller-supported at both
ends using a 3D-printed attachment integrated into the RF applicator.
The actuator probe was aligned with the sample at the designated
heating area, and the necessary displacement was applied after the
sample reached a temperature of T; + 20 °C and was sufficiently soft-
ened for deformation. A temperature above the T, was chosen to ensure
that the molecular chains gain enough thermal energy to transition from
arigid, glassy state to a more flexible, rubbery state, allowing increased
chain mobility and segmental motion.

The forming process was conducted using the optimized frequency of
150 MHz, while the RF power input varied between 5 and 10 W to
achieve the required deformation temperatures—70 °C for CB/V-Low
and 110 °C for CB/V-High vitrimer samples. The temperature require-
ment is similar to conventional thermoforming in which the temperature
must exceed the material’s T, or heat deflection temperature to reach
the rubbery state, enabling deformation under an external load [28,44].
In our work, the vitrimer samples were loaded above their Ty values,
ensuring sufficient flowability with minimal load.

The applied force and displacement response from the actuator
during RF-forming were recorded, as shown in Fig. 6h and i. For CB/V-
Low, a total displacement of ~10 mm was applied once the temperature
reached 70 °C, and a resulting reaction force of 564 mN was observed
(Fig. 6h). Similarly, the CB/V-High system, was first heated to 110 °C
and then the actuator was extended by ~10 mm resulting in an initial
reaction force of 1181 mN; this higher reaction force was observed due
to increased polymeric rigidity (Figs. 6i and S9). Additionally, it can be
observed that after RF is switched off and the system starts to cool, the
polymeric system relaxes and the reaction force decreases. The force and
displacements quantify the influence of vitrimer composition on the RF-
forming parameters, with V-High composites requiring more energy to
deform due to their stiffer network and thermal properties. The versa-
tility of the RF-forming machine was further demonstrated by creating
complex geometries using incremental indentation. For example, a U-
shaped structure was formed by sequentially indenting at three pre-
designated points along the sample, demonstrating the flexibility of this
process in achieving intricate geometries without using traditional
molds (Fig. 7a and Fig. S10). This indicates that the RF-forming setup,
with further enhancement in tooling design, could be beneficial for more
advanced and incremental forming applications in viscoelastic

Table 2
Values in calculating RF heating rates of vitrimer materials.
Vitrimer ¢ (S/m) E (V/m) Normalized® 6E? Normalized %
CB-V 0.5 % 0.02 12,000 0.3 0.3
CB-V3 % 0.2 7000 1 1
CB-V 5% 2 1500 0.5 0.5

# Normalized: Values were obtained by dividing each value by the corre-
sponding reference value for CB-V 3 %.
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Fig. 6. Manufacturing process during the structural forming of the vitrimer samples (a-c) deformation stages, (d) transformed structure from straight sample to a
formed structure, (e-f) FLIR images showing temperature during the process, (h) & (i) observed temperatures, voltages, and load during the forming of vitrimer

samples V-Low and V-High respectively.

materials.

Next, we explored the energy-efficient RF heating method for
welding and assembling parts composed of CB-based vitrimer compos-
ites. RF heating was applied to the edges of previously RF-formed CB/V-
Low and CB/V-High samples to achieve a hybrid weld between two
materials with distinct vitrimer chemistries and material properties.
Fig. 7 shows the assembly process of the two RF-formed parts into a
complex “W" shape, representing the initials of the University of
Washington. The welding process was conducted by stacking the CB/V-
High part with a higher T, value closer to the RF applicator, while the
CB/V-Low part was positioned on top. This configuration ensured that
each part reached its respective flow temperatures for effective welding.
The RF heating process was carried out at ~236 °C (close to the T, of
CB/V-High), resulting in an interfacial temperature of 220 °C for CB/V-
Low, which enabled the rearrangement reaction at the interface. The
welding process was maintained for 10 min, followed by 5 min of
cooling while holding the parts in position for consolidation, ultimately
resulting in a free-standing W-shaped bonded structure (Fig. 7b). This
successful welding highlights the utility of RF heating for creating stable,
bonded structures between vitrimers with different thermal properties.
Additionally, this shows that localized heating through RF can initiate
bond exchange reaction in vitrimers at a local interface and weld the
material without full volumetric oven heating.

The demonstrated RF-forming approach advances the scientific un-
derstanding of vitrimer processing and holds significant promise for
industrial applications. By harnessing localized RF heating, this method
enables rapid, energy-efficient processing without custom molds or dies,

thereby reducing both production costs and lead times. Such a moldless,
flexible approach is particularly attractive for industries requiring fast
prototyping, on-demand manufacturing, and repair of high-performance
components—such as automotive, aerospace, and consumer electronics.
Moreover, the modular design of the RF-forming system suggests
straightforward integration into automated production lines, facilitating
scalability from laboratory-scale experiments to full-scale industrial
operations. Future work that incorporates real-time process monitoring
and further optimization of RF parameters is expected to enhance pro-
cess reproducibility and throughput, ultimately paving the way for
broader adoption of RF-enabled vitrimer forming in advanced
manufacturing environments.

4. Conclusions

This study introduced a novel, energy-efficient RF-forming process
for vitrimer composites, demonstrating its effectiveness as an alternative
to traditional thermoforming methods. Utilizing a custom-built RF-
forming machine, we combined localized RF heating with controlled
actuation to achieve moldless manufacturing of complex vitrimer ge-
ometries. Two vitrimer systems—V-Low and V-High—were synthesized
to explore the effect of molecular structure on thermomechanical
properties and RF-forming capabilities. V-High, synthesized with tetra-
functional and bifunctional epoxides, exhibited higher thermal transi-
tion temperatures with a T of 87 °C and a Ty, of 248 °C, compared to V-
Low, which showed a T of 51 °C and a Ty of 180 °C, reflecting increased
rigidity and limited chain mobility. To optimize RF heating efficiency, 3
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vitrimer welding process.

wt% CB was incorporated into the vitrimer composites, providing the
optimal balance between RF absorption and heating efficiency. Com-
posites with 3 wt% CB achieved average heating rates of 2.12 °C/s with
only 5 W of input RF power and reached a maximum temperature of
205 °C within 3 min of RF exposure. Above 3 wt% CB, heating efficiency
declined due to excessive conductivity and reduced RF absorption. The
multi-physics simulation provides theoretical explanations as why vit-
rimer materials with 3 wt% CB show the highest heating rate, as
compared to the two other CB concentrations in this study. The ability of
the RF-forming machine to precisely control heating and deformation
enabled successful reshaping of vitrimer samples. Specifically, CB/V-
Low and CB/V-High composites were deformed at temperatures of
70 °C and 110 °C respectively, with applied loads of approximately 564
N and 1181 N, to form similar geometries. Finally, these vitrimers (V-
high and V-low) were successfully welded together using RF heating to
showcase the weldability of two different transesterification vitrimers.

Compared to conventional heating methods, the RF-forming process
minimizes energy consumption and eliminates the need for molds,
thereby reducing cost and complexity. The resulting vitrimer structures
maintained their crosslink density and structural integrity. The versa-
tility of RF-forming for vitrimer composites and its energy efficiency
makes it a promising solution for advanced manufacturing applications,
particularly where reprocessability, material stability, and moldless
fabrication are desirable. Future work will explore the scalability of RF-
forming for larger structures, optimize RF parameters to enhance heat-
ing efficiency further and evaluate the method’s applicability to other
dynamic covalent network systems.
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