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Printed circuit boards (PCBs) are ubiquitous in electronics and makeup a

substantial fraction of environmentally hazardous electronic waste when
devices reach end-of-life. Their recycling is challenging due to their use

of irreversibly cured thermoset epoxies in manufacturing. Here, to tackle
this challenge, we present a PCB formulation using transesterification
vitrimers (vPCBs) and an end-to-end fabrication process compatible

with standard manufacturing ecosystems. Our cradle-to-cradlelife-cycle
assessment shows substantial environmental impact reduction of the vPCBs
over conventional PCBs in 11 categories. We successfully manufactured
functional prototypes of Internet of Things devices transmitting 2.4 GHz
radio signals on vPCBs with electrical and mechanical properties meeting
industry standards. Fractures and holes in vPCBs are repairable while
retaining comparable performance over multiple repair cycles. We further
demonstrate anon-destructive recycling process based on polymer swelling
with small-molecule solvents. Unlike traditional solvolysis recycling,

this swelling process does not degrade the materials. Through dynamic
mechanical analysis, we find negligible catalyst loss, minimal changes in
storage modulus and equivalent polymer backbone composition across
multiple recycling cycles. This recycling process achieves 98% polymer
recovery, 100% fibre recovery and 91% solvent recovery to create new VPCBs
without performance degradation. Overall, this work paves the way for
sustainability transitions in the electronics industry.

Electronics have become anintegral part of modernlifein everything
from smartphones and laptops to state-of-the-artindustrial, scientific
and medical technologies. However, when electronics reach their end
of life due to obsolescence or damage, they become electronic waste
(e-waste) and pose substantial environmental hazards. E-waste contains
a complex toxic mixture of metals, silicon integrated circuits (ICs),
glass fibres, thermoset polymers, flame retardants and more. This
waste can pollute the air, soil and water, posing significant hazards for
surrounding communities'. With over 53.6 million metric tons (Mt)

generated in 2019 alone*, e-waste is among the fastest-growing waste
streams globally® and a matter of global concern®.

In response, efforts are underway to reduce e-waste by transi-
tioning to a circular economy where electronics can be transformed
into secondary raw materials. A key challenge in achieving circular
manufacturingis the recycling of printed circuit boards (PCBs). PCBs
areubiquitousinelectronics and rank within the world’s top 100 most
traded products’. They form the physical substrate upon which chips
are mounted and connected with metal traces patterned on their
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Fig.1| Transesterification vitrimer-based fully recyclable PCB. Conceptual
diagram showing the closed-loop repair and recycling of vPCB. a, GFRV
composite. b, Cross-sectional view of a three-layer vPCB. ¢, Photograph of a
VPCB-based recyclable IoT sensor next to a server. The printed circuit board
assembly (PCBA) can be repaired if warping or damage occurs in the base
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material. After the device is decommissioned, the substrate materials can be
recycled and the electronic components can be reused. d, Recovered vitrimer
from obsolete vPCBs after drying and pulverizing, which can be reused to
fabricate new GFRVs. e, Recovered electronics components from obsolete vPCBs
that can be reused directly in new devices.

surface. PCBs are most commonly composite materials made of glass
fibre weaves within aflame-retardant thermoset epoxy matrix (FR-4).
Previous recycling efforts have focused on the recovery of intact ICs
and high-value minerals such as gold and copper®’; however, 70% of a
PCB’s volume and mass are made up of dielectric substrates.

Achieving scalable and circular PCB manufacturingis challeng-
ing. Theirreversibly cured thermosets in conventional PCBs that give
them fire and chemical resistance required for compatibility with the
existing electronic manufacturing services (EMS) ecosystem make
themincredibly challenging to recycle. An effective recycling process
should be repeatable and non-destructive to produce high-quality
raw materials. This prevents the use of thermoplastics which are
damaged during reprocessing'. Previous recycling attempts such as
mechanical grinding, thermal decomposition (pyrolysis) or chemical
dissolution in strong solvents (solvolysis) cause substantial mate-
rial damage'>", require high energy costs™, or solvents that are not
reusable or produce hazardous by-products' . Previous work has
explored alternative water-soluble'®? and healable materials*;
however, these sacrifice compatibility with chemical etching, elec-
troplating and elevated temperatures for soldering in EMS processes,
which limits their potential to scale. In addition, these materials
do not meet the electrical and mechanical standards for moisture
absorption, flammability, dielectric constant, loss tangent and other
criteria needed to produce high-speed circuits common in modern
electronics.

In this Article, we introduce a sustainable PCB solution using
transesterification vitrimers (VPCBs). Associative exchange reac-
tions in dynamic covalent adaptive networks (CANs) enable revers-
ible crosslinking at elevated temperatures®. Vitrimers fall under this

category of CANs and engage indynamic covalent bond exchange when
heated, facilitating repair and reuse with minimal property loss**%.

Figure 1illustrates our fully circular manufacturing and recy-
cling pipeline which highlights our key contributions. First, we create
glass fibre-reinforced vitrimer (GFRV) composites and develop an
end-to-end vPCB fabrication process compatible with current EMS
ecosystems including multilayer copper lamination, chemical etch-
ing, laser structuring, electroless plating and soldering. We charac-
terize our vPCBs demonstrating that they meet industry standards
and demonstrate a fully functional Internet of Things (IoT) sensor
capable of transmitting 2.4 GHz wireless signals. Second, we
leverage the bond exchange capabilities of vitrimers to repair physi-
cally damaged vPCBs while maintaining their mechanical and electrical
properties over more than four repair cycles.

Third, we develop an end-to-end recycling process for our vPCBs.
We observe that certain small-molecule solvents cause the vitrimer
to swell. We leverage this swelling to deconstruct transesterification
vitrimer composites with solid inclusions and metal attachments. We
confirmthat recycling causes negligible catalyst loss, minimal change
incrosslink density and no changesin molecular structure. We further
verify that recycled vPCBs have mechanical and electrical properties
on par with the originals. Our recycling process achieves 98% recovery
of the vitrimer polymer and 100% recovery of glass fibres, and even a
91% recovery of the solvent which we successfully reuse. We perform
a comprehensive cradle-to-cradle life-cycle assessment (LCA) lever-
aging industrial-scale models to compare the environmental impact
of our vPCB remanufacturing and recycling systems with conventional
PCBs. Our results show 47.9% improvement in global warming potential
(GWP), 65.5% in ozone depletion potential and 80.9% in human cancer
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Fig.2|Glass fibre-reinforced vitrimer composite. a, Reaction of
transesterification vitrimer under heat and pressure. b, Bond exchange via
transesterification in vitrimer networks enables healing and recyclability when
heated. Properties can be tuned by changing the functional chains R,and R, in
the epoxide and acid used. ¢, Schematic of the fabrication process of GFRV.

a b ® Acid Epoxide
o] 0 o OH O
0 20 o~ 160 °C, 1 MPa, 7 h MOWO 0 Xy Qo
(0]
HOTI/\/\)I\OH + _— 0 'f F .f
0 HsC CHg L\E/j HsC CHg L S 5 27
NN R, B
H
Adipic acid DGEBA TBD ~%a %
s §
70 RN
R, R,
c Epoxy resin Adipic acid Glass fiber 160 °C 1MPa
—
Mould
100 °C
Stir for 5 min Stir for 7 min
— _ —
/A
7
TBD (catalyst)
Heat press
d e f
1.2 4
Vitrimer 1 N
S T i —
=2 10 |
2~ o8- E)
g . 2
23 %) —+— |
252 044 173
Glass fiber % %
= 0.2
01 , , .
GFRV o 1 2 3

Flexure strain (%)
d, Schematic of four-layer glass fibre GFRV. e, Characterized moisture absorption
of GFRV compared to the PCB standards; data are mean + s.d. of 3 GFRV
specimens (N =3).f, Characterized flexural strength of GFRV compared to the
PCB standards of woven glass FR-4 and woven e-glass fabric FR-4.

toxicity emissions for our recycling process compared with conven-
tional PCB end-of-life disposal.

Results

Glass fibre-reinforced vitrimer composites

To enable circularity, we seek to disassemble the entire board into its
constituent raw materials without damage for reuse. While the elec-
tronics and copper traces can be recovered using thermal exposure
or chemical etchants®, the dielectric substrate material remains. The
most common material, FR-4, consists of a glass fibre weave impreg-
nated with a thermoset epoxy resin. The covalent crosslinks of these
thermosets give the material high structuralintegrity, chemical stability
and resistance to temperature. These properties, however, present a
trade-off for recycling: the material’s robustness makes it difficult to
separate the epoxy and glass fibres for reuse.

Inspired by recent advancementsin healable materials, we take a
different approach and re-engineer PCBs using polymers with dynamic
CANSs; vitrimers are a special class of CANs with a thermosetting mac-
romolecular network with healing abilities. This property also enables
entirely new capabilities such as remanufacturing, in which holes can
be refilled and segments can be tiled together without transforming
them into raw materials. The ability to reuse vitrimers as secondary

raw materials also opens the possibility for effective recycling if they
can be non-destructively separated from the glass fibres. We focus
on vitrimers with associative exchange reactions over dissociative
mechanisms due to their ability to maintain a consistent crosslink
density over multiple recycling cycles.

Our vitrimer polymers are synthesized from a bifunctional epox-
ide (DGEBA) and an acid (adipic acid) in the presence of a catalyst
triazabicyclodecene (TBD). The chemical structures for the reaction
are shown in Fig. 2a. In contrast to previous attempts at integrating
healable polymersinto circuits®, our vitrimer chemistry is optimized
for similarity to conventional FR-4 by choosing abisphenol-A epoxide
whichis typically used in PCBs*. The normalized stress-relaxations at
temperatures ranging from 140 °C to 240 °C and the characterized
storage modulus and tan delta for vitrimers with a 5 mol % catalyst
concentration are shownin Extended Data Fig. 1. Itis noteworthy that
by tuning the specific components and functional groups (Fig. 2b), a
wide variety of different properties can be achieved®>*,such as a higher
glass transition temperature (7;) of 146 °C*.

Our recyclable GFRV composites are created using a scalable
fabrication process similar to conventional FR-4 fabrication shownin
Fig. 2c (see Methods for details). Figure 2d schematically illustrates
the structure of the resulting GFRV.
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Fig.3 | Characterization of vPCB. a, Schematic of the scalable manufacturing
process of vVPCB. b, Curves of the peeling force per width of copper-clad
laminates versus displacement at various heat-press temperatures and times
(N=3specimens per condition, shaded region indicates maximum and minimum
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values per condition). ¢,d, Characterized dielectric constant (c) and loss tangent
(d) of vPCB compared to the PCB standards of various FR-4 types; data are

mean +s.d.of N=6(c)and N=3 (d) vPCB specimens. e, Flammability test of vPCB.
The sampleis retracted after O s to move itaway from the burner.

Moisture absorption of GFRV is characterized through immer-
sion in water according to the IPC PCB standard (see Methods for
details). Figure 2e shows that our vitrimer is on par with common PCB
dielectrics such as polyimide and within 0.2% of FR-4. We hypothesize
that the difference is due to the presence of ester linkages between
monomers and could be further reduced by modifying the vitrimer
chemistry. Flexural strengthis also evaluated using a three-point flex-
ural test (see Methods) and the results are visualized in Fig. 2f. The
performance is within the range of FR-4-based materials, and these
values could be tuned by changing the quality of the glass fibre weave.

Vitrimer-based PCB

We create ‘recyclable’, ‘reusable’ and ‘repairable’ circuit boards by
integrating vitrimer materials into PCBs. The first step to creating a
PCB fromraw GFRV is adding a conductive copper layer. In traditional

PCB manufacturing, aglass fibre weave isimpregnated with an epoxy
resin and partially cured. The resulting material, known as prepreg, is
laminated with copper foil and canbe patterned and stacked to create
multilayer circuits. We use a similar lamination process illustrated in
Fig. 3a. Sheets of copper foil are laminated on the raw GFRV in a heat
press (see Methods for details). This method can scale to roll-to-roll
manufacturing for high-volume production.

To assess copper adhesion, the peel strength for 16 copper-clad
laminates (CCLs) is systematically measured for heat-press tempera-
tures of 120-160 °C and heat-press time of 30 min to 2 h. Our results
show that adhesion between the copper and vitrimer increases as the
heat-press temperature and time increase (Fig. 3b). We note however
that above 180 °C, lower viscosity causes the vitrimer to be squeezed
out. The results follow the expected trend, whereby the increase in
temperature and pressure results in dissociation in the CAN, thereby
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Fig. 4 | Platform evaluation. a, Circuit block diagram. ADC, analogue-to-
digital converter; PKT GEN, packet generation; C1-C2, capacitor 1-capacitor 2;
L1, inductor1; X1, 32 MHz crystal oscillator 1; 12C, inter-integrated circuit.

b, Photograph of the experimental setup. c-e, Data centre temperature (c),

relative humidity (d) and pressure (e) measurements from two platforms
over 16 h showing successful continuous running and high-frequency signal
transmission. f, Comparison of eye diagrams of FR-4 and vPCB.

increasing the availability of reactive sites for adhesion. Bonding canbe
furtherimproved by addingathin, partially cured vitrimer layer between
the GFRV and the copper foil. This significantly enhances peel strength
after thermal stress, exceeding the PCB standard (Extended DataFig.2),
as the partially cured vitrimer has more reactive sites available.

Next, circuit traces are patterned onto the copper-coated sub-
strate. Chemical etching and laser structuring are two commonly used
processes in PCB manufacturing. We demonstrate compatibility with
both processes. Briefly, the raw copper-coated GFRVis placedinalaser
micromachining system (LPKF Protolaser U4), which drills holes and
directly removes copper to pattern circuit traces. Alternatively, we
can coat the copper with a thin mask layer, use the laser to selectively
remove the mask, then place the board in a ferric chloride solution to
etchaway exposed copper. These methods can patternindividual layers
that can be aligned and heat pressed to create a multilayer laminate.
The final step is applying a mask layer and using electroless copper
plating to connect the layers through vias (see Methods for details).

We compare vPCBs to traditional FR-4-based circuits. The dielec-
tric constant and loss tangent of the PCB are critical for high-frequency
electrical signal integrity. The dielectric constant and loss tangent
of our vPCB compared to various FR-4 types are shown in Fig. 3¢,d,
respectively (see Methods for procedure). The results show that our
VPCB’s dielectric constant is within the typical specification range of
3.5-5.5. This value can be tuned by changing the glass fibre volume
content, vitrimer chemistry and polymer-free volume.

Low flammability is another crucial property required to pro-
tect PCBs from potential ignition as many electronics produce heat.

Conventional FR-4 PCBs are formulated with flame retardants to
self-extinguish fires. We evaluate the flammability of vPCB. The fire
was extinguished within 7 s after removing the flame source (Fig. 3e
and Supplementary Video 2), conforming to the 10 s standard.

Platform evaluation
To evaluate the potential of vPCBs, we prototype an loT sensor to
monitor temperature, humidity and pressure. Such sensors provide
criticalinformation for environmental and smart-building monitoring,
and thisindustry is projected to grow by billions of new devices which
raises a pressing need to mitigate their environmental harms®. In addi-
tion, acomplete loT sensor must perform all the basic functions of a
small computer and transmit radio signals at GHz frequencies, which
are affected by a PCB’s properties such as dielectric constant and loss
tangent. Our prototype includes a microcontroller with a Bluetooth
radio, a sensor, battery, onboard antenna and passive components
as shown in Fig. 4a (see Methods for details). We fabricate identical
circuitson vPCB and standard FR-4, and programme both to wirelessly
transmit sensor measurements from a data centre setting for 16 h as
showninFig.4b. Figure 4c-e show the resulting measurements. Both
devices successfully transmitted Bluetooth packets with no data gaps
or devicefailures. The sensor dataare closely correlated, but with small
fixed offsets probably due to individual sensor variation or their small
physical separation.

Next, we perform eye diagram measurements to characterize
digital transmission metrics such as signal-to-noise ratio (SNR) and
clockjitter. Awell-routed signal line is patterned onto vPBC and FR-4.
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Fig. 5| Repair and remanufacturing of vPCB. a, Optical micrographs of a
viaon vPCB being healed. b, Average peeling force of copper-clad laminates
after three repair cycles for various specimens, with secondary vertical axes
showing the corresponding surface roughness before each repair cycle (data
are mean + s.d. of 4 vPCB specimens). ¢, SEM images of GFRV surface after each
repair cycle, showing orderly indentations caused by heat-pressed copper

foil. d,e, Characterized dielectric constants (d), and volume resistivities (e) of
repaired GFRV after each repair cycle compared to the PCB standards of woven

glass FR-4 (yellow dashed line) and e-glass fabric FR-4 (orange dashed line);
dataare mean + s.d. of 3 vPCB specimensin1(d) and 1,000 (e) measurements.
Remanufactured vPCB exhibits nearly identical dielectric constants and
volume resistivities. f, Thermadapt shape-memory behaviour of GFRV. GFRV is
deformed under external force and is recovered to its original shape after being
heated at 100 °C for 1 min. This allows for the repair of warped vPCBs at elevated
temperatures, making it a more environmentally friendly option compared with
traditional PCBs.

We measure the eye diagram of a 2.48 Gb s pseudorandom binary
sequence from aserial BERT (Keysight N4903A) using an oscilloscope
(Keysight 86100D) and find nearly identical performance (Fig. 4f).

Repair and remanufacturing

A unique property of our vPCBs is that the vitrimer’s dynamic CANs
enable the healing of physical damage such as fractures and holes.
This enables repairing and remanufacturing of PCBs to reduce their
environmental impact. A recent study from Microsoft” showed that
repairing broken devices improved greenhouse gas emissions and
waste avoidance by 85% and 90%, respectively, compared with replac-
ingthe whole device. Once devices are beyond repair, we explore using
vPCBsto enable value cycling by repairing damaged base materialsand
remanufacturing them.

A repair method that heals holes and fractures is developed as
shownin Fig. 5a. Copper is first removed through chemical etching.
Subsequently, the holes are filled with a small amount of fresh liquid
vitrimer. We follow the heat-press process in Fig. 2b to create anew
CCL. The repaired GFRV is shown in Fig. 5a, wherein all the holes
have been healed and are no longer visible. The joint strength of
healed holesisalso evaluated using ashear punch test (see Methods
and Extended Data Fig. 3). In comparison with repairing FR-4 with
cyanoacrylate glue, the vitrimer creates astronger bond at the hole
boundary, avoiding catastrophic failure as seen with the super glue.
The healing capability of vitrimer chemistries enables the creation of
new covalent bonds between fresh vitrimer and GFRV. Specifically,
the transesterification reaction occurring in the vitrimer system

leads to topological rearrangements while preserving the integrity
of the molecular network®*®, This healing mechanism cannot be
achieved by traditional thermoplastics or thermosets. Using the
same fabrication steps above, we can use the resulting bare GFRV
to create new circuits.

We evaluate copper adhesion after four repair cycles of copper
re-lamination as shownin Fig. 5b. We find that the interfacial adhesion
improves after each cycle. Thisis probably attributed to the microscale
indentations on the GFRV surface caused by heat-pressed copper
foil, as observed using scanning electron microscopy (SEM) shownin
Fig. 5c. These indentations increase the surface roughness after each
remanufacturing attempt, whichis known toimprove adhesion®. The
dielectric constant and volume resistivity of the repaired material
remain within the range of common FR-4, varying by a maximum of
6.5% even after four repair cycles as shownin Fig. 5d e.

VvPCBs also have shape-memory properties that can be used to
reverse physical damage that can occur due to mechanical stress such
as graphics processing unit sagging. Mechanical deformation of the
VPCBbelow its vitrimer transition temperature (7,) resultsin atempo-
rary shape change. Subsequent heat treatment at 100 °C (above both
T,and T,) for 1min prompts the material to revert back to its original
pre-deformation configuration. Figure 5f demonstrates a GFRV that has
beendeformed under an external force, then successfully recovers to
its thermodynamically favoured original shape after heat treatment.
This shape-memory attribute underscores the self-healing proper-
ties of vitrimers and highlights the potential for the circular reuse of
mechanically damaged vPCB materials.
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of pristine vitrimer, vitrimer after etching and recovered vitrimer from THF.

e, Environmental impact comparison of conventional FR-4 PCB and vPCB in end-
of-life disposal scenarios across 11 different categories. vPCB is assumed to have
four cycles of remanufacturing or recycling, with a THF recovery efficiency of
97%in the recycling scenario. As acomparison baseline, FR-4 PCB is assumed to
have 5 lifetimes with the best-case assumption for end-of-life incineration of each
board. The vPCB results are normalized to the FR-4 PCB for each category.

Closed-loop recycling

Vitrimer-based PCBs can be repeatedly repaired through the process
described above; however, these PCBs will eventually reach end-of-life
when adesign becomes outdated or if repair is nolonger economically
feasible. To maximize circularity, we develop a closed-loop recycling
process for end-of-life vPCBs to non-destructively disassemble the
fibre composites into high-quality raw materials for use in new, fully
functional circuit boards.

We begin the vPCB recycling processes by removing the com-
ponents, cleaning the surface and then dissolving the copper using
ferric chloride toisolate the GFRV substrate (see Methods for details).
Figure 6a illustrates our process for deconstructing the GFRV into
raw materials. We immerse the GFRV sample in various polar aprotic
solvents to extract glass fibres. We examined acetone, chloroform,
dimethylformamide (DMF) and tetrahydrofuran (THF). We found that
DMF and THF do not react with the GFRV materials, but their small
molecules can ingress into the polymeric network, resulting in swell-
ing (Extended Data Fig. 4 and Supplementary Video 1). This swelling
enables the separation of the vitrimer matrix and glass fibres without
chemical degradation. We select THF for our recycling process, as
it achieves similar swelling performance but has a low boiling point
of 66 °C and enables easy solvent removal to recover the vitrimer. In
contrast, DMF has a higher boiling point of 153 °C and requires rotary
evaporation which may resultin the loss of the catalystin the material
(see Supplementary Information 1.1).

The vitrimer matrix is fully separated from the glass fibre layers
afterimmersionin THF for 96 h (showninFig. 6a, detailsin Methods).
The recovered vitrimer and glass fibre are shown in Fig. 6a,b, respec-
tively,and can be reused directly after drying. Vitrimer polymer canbe
easily recovered with -98% isolated yield after being precipitated out
from the THF, and 100% of the glass fibre is recovered. We also dem-
onstrate a THF recovery efficiency of ~91%, with 1.5% evaporation loss
during testing and measurements, and 7.5% remaining in the swollen
vitrimer matrix that we did not attempt to recapture. The THF recov-
ery efficiency could be further optimized to over 97% by performing
recyclinginaproperly designed and operated recovery system*’. This
is amarked improvement over previous solvolysis methods, which
necessitate additional adsorption or distillation procedures to remove
the solvent and recover the polymer matrix.

We create new GFRV samples using recycled materials by grinding
therecovered vitrimerinto afine powder, mixing it with a40 wt%fresh
vitrimerinviscous liquid formto fully penetrate the smallinterspacesin
our dense glass fibre weave, and applying the same heat-press process
above. We note that the required pressure has an inverse quartic rela-
tionship to pore size according to the Hagen Poiseuille equation, sug-
gesting the potential for using100% recycled vitrimer by adjusting the
material or process parameters (see Supplementary Information 1.2).
Theresulting reformed GFRV is shown next to anewly made GFRV sam-
pleinFig. 6¢c. Theresulting composite showed no apparent differences
except forslight discoloration on the surface due to thermal oxidation.
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We hypothesize above that small-molecule solvent-based swelling
doesnot degrade the materials; however, this method raises multiple
fundamental questions of whether the process removes non-covalently
bonded catalyst critical to the transesterification vitrimer’s proper-
ties, whether it affects the crosslink density, or changes the polymer
backbone. We first examine SEM images of reformed GFRV, which
show smooth surfaces without any noticeable damage in the form of
microcracks or pores (Fig. 6¢). Atamacro scale, this confirms that the
dynamic nature of the polymeric macromolecular network is preserved
after every recycling as the polymer can flow and form a continuous
sheet from pulverized recycled vitrimer powder without being dis-
sociated by the solvent.

The mechanical behaviour of the recycled vitrimer matrix is
evaluated by comparing the storage modulus and tan delta values
post-recycling (Extended Data Fig. 5a,b). We quantify the retention
of storage modulus post-recycling, observing 96.9% after recycling
once and 94.4% after two cycles (Extended Data Fig. 5c). Although we
observe some narrowing and broadening of the tan delta peak between
cycles (see Supplementary Information 1.3), the high storage modulus
retention indicates that the reduction in crosslink density from recy-
cling is negligible. To evaluate the potential loss of non-covalently
attached catalyst during our recycling procedure, we leveraged Max-
well’s relation for viscoelastic materials to derive Arrhenius curves*
(Extended Data Fig. 5d). We determined a T, of 79.6 °C for pristine
vitrimer. Upon recycling once, the T, was slightly reduced to 78.3 °C
and 79.4 °C after recycling twice. The marginal shift in T, implies no
loss of the non-covalently bonded catalyst throughout our THF swell-
ing recycling process across multiple cycles, asareductionin catalyst
concentration within the vitrimer would precipitate a substantial
increasein T,

To further verify the chemical composition of the vitrimer poly-
mer backbone at different recycling stages, we use Fourier-transform
infrared (FTIR) spectroscopy and compare results against anew GFRV
sample in Fig. 6e. We observe the disappearance of 903 cm™ for the
epoxy functional group after the vitrimer is cured, and the appear-
ance of sharp peaks at 1,037 cm™, 1,726 cm™ and broad intense peaks
at 3,359 cm™ for -CO-0O-, -C = 0 and -OH groups, respectively. This
indicates the consumption of all epoxy end groups for the formation
of ester linkages with crosslinked networks in vitrimers. The recovered
vitrimer retained identical functional groups with characteristic peaks
astheoriginal, asshowninFig. 6d. This indicates that recycled vitrim-
ers maintain their crosslink density and undergo exchange reactions
without changing the chemical polymer backbone. Figure 6e also
indicates that the vitrimer can resist ferric chloride corrosion, which
enables the production of vPCBs through the conventional and scalable
PCB manufacturing technique of chemical etching. The properties
of GFRV made of recycled vitrimer are also highly comparable to the
original (Extended DataFig. 6).

Life-cycle assessment

We perform an LCA* to evaluate the environmental impact of our vPCB
and compare our remanufacturing and recycling processes to con-
ventional PCB fabrication and disposal at scale. Our cradle-to-cradle
LCA usesindustrial models and encompasses material synthesis, CCL
manufacturing, freight transportation and end-of-life PCB disposal
orrecycling.

Notably, our GFRVs are ‘cured’ laminates. This is a key advantage
over conventional prepreg materials which have limited shelf lives of
3-6 months*’. Maximizing prepreg lifetimes requires refrigeration
and low-humidity environments, thereby increasing their environ-
mental footprint. We compared the environmental impact of vPCB
freight with FR-4 prepregs. The LCA demonstrates a substantial
reduction of 20.0% in GWP, 28.0% in ozone depletion potential,
14.0% in fossil fuel depletion and 26.0% in mineral and metal use
(Extended DataFig. 7).

To compare vPCBs with conventional PCBs in end-of-life scenarios,
we use the business-as-usual standard of incineration as the baseline.
Our model makes the best-case assumption for conventional PCBs,
where 89.3% of the waste heat and 11.1% of the waste electricity are
recovered and credited as energy production. Our remanufacturing
scenario models product repair and our LCA looks specifically at the
environmental cost of remanufacturing the PCB using the methods
above. Intherecycling scenario, the product is broken down into raw
materials that are used to create new PCBs.

Theresults showninFig. 6eindicate that vPCBs could substantially
reduce environmentalimpactsincluding acidification, GWP and ozone
depletion potential. Extended DataFig. 8 shows adetailed breakdown
ofthe carbonfootprint of aconventional PCBindicating that raw mate-
rials make up 48.5%. We show that vPCBs enable remanufacturing with
substantially less material and energy, and with potential for multiple
cyclesto further reduceimpact. Our LCAindicates reductions of over
65% in all metrics with four remanufacturing cycles.

The primary benefits of using vPCBs are reducing end-of-life
by-products, disassembling end-of-life vPCBs into raw materials and
creating new, fully functional circuit boards. Four recycling cycles show
areductioninllmetrics ofupto 80.9%. Thisincludes a35.8% reduction
inacidification, 47.9%in GWP, 59.1% in freshwater ecotoxicity, 61.8%in
human non-cancer toxicity emissions, 65.5% in ozone depletion poten-
tial, 38.0% in particulate matter, 45.9% in photochemical ozone, 40.2%
in fossil fuels depletion, 79.2% in mineral and metals use, and 28.1%
reduction in water use. Notably, vPCBs could reduce human cancer
toxicity emissions by 80.9%.

Discussion

Wereportarecyclable PCB based on transesterification vitrimers and
anon-destructive, swelling-based separation method to recycle them.
The ubiquity of circuitboards enables the potential for widespread use
of vPCBs from consumer devices to industrial and medical equipment.
We optimize ourrecyclable PCB formulation to achieve electrical and
mechanical properties on par with conventional PCBs and compatibility
with current EMS ecosystems to make vPCBs near drop-in replace-
ments for FR-4.

Net zero emissions and reducing environmental waste have
become aglobal mission. The repairability and closed-loop recycla-
bility of vPCBs both reduce toxic by-products and improve a broad
range of environmental impact metrics. We demonstrate vPCBs as
a choice for companies and industries prioritizing sustainability
and environmental consciousness. In addition, the abundance and
widespread availability of epoxies and catalysts create opportunities
to design vPCBs optimized for specific properties. Our approach of
swelling PCBs could also be explored for other composite materi-
als and automated disassembly of circuit components to enhance
value recovery fromICs during recycling. We hope this study opens
new directions for recyclable materials and composites for the
electronics and computer industry centred around environmental
sustainability.

Methods

Vitrimer chemistry selection

We focused this work on developing a recycling process rather than
developingavitrimer chemistry. We optimized for similarity to conven-
tional FR-4 by choosing a high-performance chemistry demonstrated
in previous work** using the same bisphenol-A epoxides typically
used in conventional FR-4 (ref. 31) and which are available at low cost.
We note that while this is a petroleum-based material, our proposed
recycling processreuses the entirety of the polymeric matrix, thereby
eliminating any BPAwaste. Inaddition, the proposed recycling method
isbased on the fundamental behaviour of the vitrimer macromolecu-
lar network and may be expected to adapt readily to alternative vit-
rimer formulations. Our vitrimer swelling-based recycling approach
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opens up new avenues for future investigation of this method for novel
non-petroleum-based vitrimers*.

Fabrication of GFRV composite

The GFRV composite was constructed from two parts: vitrimer polymer
and woven glass fibre sheets. The vitrimer polymer was prepared by
mixing a stoichiometric ratio (1:1:5 mol% to the acid) of epoxy (EPON
828, Skygeek), adipicacid (SigmaAldrich) and 1,5,7-triazabicyclo[4.4.0]
dec-5-ene (TBD, Sigma Aldrich). The epoxy was poured into a beaker,
thenplacedinal00 °Cheated bathand stirred at 100 r.p.m. for 10 min.
Thebeaker was keptin the heated bath for the remainder of the mixing
process. Subsequently, transesterification catalyst TBD was added into
the beaker and stirred at 600 r.p.m. for 5 min to thoroughly blend the
epoxy and fully incorporate the catalyst into the mixture. Adipic acid
was added last and stirred for an additional 7 min to ensure a homo-
geneous mixture. The beaker containing the mixture was then placed
into a vacuum for 2 min for degassing.

Glass fibre (0/90, 2 oz fibreglass fabric, Fibre Glast) was cut to
size and stacked into a metal mould cavity. The mould was then left
inavacuumoven to preheatat140 °Cfor 20 min. The treated mixture
was then rapidly cast into the mould, followed by 1 min of degassing
to eliminate air from the mould cavity and the matrix. The mould was
then placedinacompression moulding heat press (Carver 5420) for7 h
with a constant temperature of 160 °C for thermal curing. A constant
pressure of 1 MPawas applied to the mould for the first 5 h,and 4 MPa
was applied for the last 2 hfor post-curing. To avoid adhesion between
GFRV and the metal mould, asheet of PTFE was placed on the mould’s
cavity plate and the core plate at the beginning of each fabrication
process. After the thermal curing and mould cooling, the resulting
GFRV of overall dimension 75 x 75 x 0.5 mmwas collected and stored in
adesiccantchamber for further characterization and manufacturing.
We note that the size of the samples is due to the mould used and the
same method could be scaled for larger samples.

vPCB manufacturing

We describe the manufacturing process for creating circuits on our
VvPCB below. To start the process, the surface was treated and copper
was laminated onto GFRV. Subtractive patterning methods were then
utilized to create circuit traces. Each step is described in detail below.

Lamination. Two 25-um-thick sheets of copper foil (1 0z, McMaster-
Carr) were first laser cut to the appropriate size and placed on both
sides of GFRV. Subsequently, the laminate was placed in an aluminum
mould and sandwiched between two layers of load spreader with align-
ment pins at the four corners. The structure of the layup in the heat
press is schematically illustrated in Supplementary Fig. 5. Then the
mould was heat pressed at 160 °C and 2 MPafor 2 h.

Printing circuit design. To ensure proper alignment of the laminate
during the PCB design process, the four alignment holes that were
previously drilled for lamination were utilized. An important feature
of multilevel PCBs are vias, copper-plated holes drilled through the
board that provide electrical connections between different copper
layers. To create vias, through holes were first drilled in the desired
positions on the laminate using either a CNC machine (Nomad 883
Pro) or a laser (LPKF ProtoLaser U4). For the CNC, a rotational speed
0f 10,000 r.p.m. and a feed rate of 6 inch min™ were selected; for the
laser, frequency, power, mark speed, number of repetitions and delay
were set to 50 kHz, 1.5 W, 250 mm s™, 10 repetitions and 1,000 ms,
respectively.

Next, copper was deposited onto the inner surface of the holes
using electroless plating. To do this, a mask (Semiconductor Equip-
ment) was first applied to completely cover the surface of the copper
layers and the sides of the laminate, with openings in the via holes to
allow for copper deposition. Once the mask had been applied, the

following steps were applied for electroless plating. The laminate was
firstimmersed in 10 ml3% SnCl, solution with 2% hydrochloric acid and
95% H,0 (Caswell) for 2 min to sensitize the viawalls. This was followed
byimmersioninal0 ml3%PdCl,solutionwith 2% hydrochloricacid and
95% H,0 (Caswell) for 2 min to activate the substrate surface for sub-
sequent plating. Notably, the laminate was rinsed with distilled water
between each step to ensure the complete removal of unwantedions.
Finally, the laminate as immersed in a 20 ml solution of 5% copper(ll)
sulfate pentahydrate (Caswell) at room temperature for 60 min to
deposit copper onto the vias. After plating, the mask as removed and
the laminate was rinsed with distilled water.

Lastly, we patternedthe circuit traces. Laser structuringis often used
formoreintricate circuits duetoits high precision, ability to cut through
a wider range of materials and speed in small-scale manufacturing.
Chemical etchingisless precise butis more suited for low-cost, large-scale
production because it can etch many parts or multiple boards simulta-
neously. For the laser process, a laser micromachining system (LPKF
ProtoLaser U4) was used that scans its beam across the surface and
removes the copper. The laser parameters were carefully tuned to mini-
mize heat-induced carbonization to the vitrimer surface. The specific
parameter settings are showninSupplementary Table1. For the chemical
etching process, the copper was coated inamask material and patterned
withthelaser toremove the mask outside the desired coppertraces. The
board was then immersed in 40% ferric chloride (M.G. Chemicals) at
roomtemperature for 20 min. After all the unprotected copper had been
etched, the mask was removed and the board rinsed with distilled water.

Recycling
Allthe components on the PCB were removed following the PCB rework
standard IPC-7711 (Procedure 3.3.3)*°. After desoldering all the compo-
nents, the vPCBs underwent a cleaning protocol to ensure the removal
of dust and other surface contaminants throughisopropyl alcohol (IPA)
rinses and high-pressure air jets. It isnoteworthy thatinindustry, PCBs
typically undergo rigorous cleaning processes after manufacturing.
These processes include ultrasonic cleaning, gas phase cleaning and
deionized water washing. The same cleaning techniques can be applied
to scale up the cleaning process before vPCB recycling.
Subsequently, the PCB with copper tracks wasimmersed inferric
chloride at room temperature for 1 h to etch all the copper. Soldering
pastes were precipitated after all the copper has been dissolved, and
they werereclaimed through simple filtration (Supplementary Fig. 2).
Oncethe copper was removed, the remaining GFRV wasimmersed
into THF (186562 tetrahydrofuran, Sigma Aldrich), then kept at room
temperature for 96 hwithout disturbance. We repeated this process at
40 °Cand observed that it could be expedited to 24 h by heating THF
upto 40 °C, as heat increases the swelling rate of the vitrimer matrix.
After the separation of the vitrimer matrix and glass fibres, they
were collected from THF and keptin avacuum oven for 24 hto evapo-
rate any residual THF. The recovery yield of the vitrimer polymer and
glass fibre was calculated by dividing the weight of the recovered vit-
rimer and glass fibre, after precipitation from the THF and drying, by
the weight of the respective materials before undergoing therecycling
process. Afterwards, therecovered vitrimer was pulverized into powder
form using a cutting mill (Eberbach E3300). The resulting vitrimer
powder and reclaimed glass fibres were then ready to be reused for
the fabrication of anew GFRV.

Electrical characterization

Dielectric constant. The dielectric constant test was conducted using
avector network analyser (VNA, Anritsu MS2036C) following the stand-
ard PCB test method IPC-TM-650 (Method 2.5.5.6) full sheet resonance
(FSR) test”. Test specimens were CCLs trimmed accurately to a rectan-
gular shape with dimensions 29 x 29 x 0.47 + 0.12 mm. An SMA con-
nector was used to connect the specimen to a VNA S11 port with the
signal pin of the SMA connector soldered to one side of the copper

Nature Sustainability


http://www.nature.com/natsustain

Article

https://doi.org/10.1038/s41893-024-01333-7

layer of the laminate and the ground pins soldered to the other side.
The capacitance of the parallel plate was measured at a frequency of
1MHz, with the ambient temperature during the test set to be in the
range of 22 °C to 24 °C. The dielectric constant of the vitrimer was
determined using the following formula: k = CT/eqA, where C is
the capacitance reading from the VNA, T'is the effective thickness
of the specimen, g, is the vacuum permittivity and A is the area of
the specimen.

Resistivity. Volumeresistivity tests were conducted using a sourcem-
eter (Keithley 2470). CCLs with dimensions 29 x 29 x 0.6 + 0.05 mm
were prepared as test specimens. The volume resistance was measured
by connecting asourcemeter test lead to each side of the laminate. The
current was measured while applying 40 V DC across the specimen.
Theambient temperature was maintained at 25 °C during the interval
whenelectrical measurements were being made. The volume resistivity
of the vitrimer was calculated using the formula: r = RA/T, where R is
the measured resistance, A is the effective area of the surface and T'is
the average thickness of the specimen.

Mechanical characterization

Dynamic mechanical analysis. Dynamic mechanical analysis (DMA)
was conducted using an Electroforce 3200 (TA Instruments). Rectan-
gular coupons with dimensions of 30 x 6 x 0.5 mmwere laser cut from
the vitrimer sheets. Stress-relaxation tests were done using 4% initial
strain with dwell time of 4,000 s at different temperatures ranging
from 140 °C to 240 °C. The stress-relaxation constant (7) was calcu-
lated for each temperature using the stress-time curve, and these
values were plotted on In(7) vs inverse of temperature to calculate T,.
Non-isothermal DMA experiments were done using scanning tempera-
tures ranging from 20 °C to 120 °C at a frequency of 1 Hz, resulting in
corresponding storage modulus (£”), loss modulus (£”) and tangent of
delta (tan delta or tan §) curves for each scan.

Peel strength. To measure the bond strength between the copper
layer and the dielectric material, that is, GFRV, peel strength tests
were conducted on an Instron load frame (Instron 5585H) following
the standard PCB test method IPC-TM-650 (Method 2.4.8.1)*". Samples
withdifferent heat-press times and temperatures were compared, while
other variables remained consistent during the manufacturing process.
Specimens with dimensions of 29 x 29 mm with two 20-mm-width
test strips were peeled, the peel angle was fixed at 180°, and force was
applied in the vertical direction at a speed rate of 50 mm min™ (until
the peel was completed). The testing setup is schematically illustrated
inSupplementary Fig. 6.

Flexural strength. Flexural strength test was conducted onanInstron
load frame (Instron 5585H) in accordance with IPC-TM-650 Method
2.4.4 (ref. 47). GFRVs with dimensions of 60 x 25 x 0.51 mm were pre-
pared as test specimens. Specimens were centred on the span supports
with the long axis perpendicular to the crosshead, withabending span
of 25.4 mm. The testing setup is shown in Supplementary Fig. 7. The
test was performed under ambient conditions, and theload was applied
at a constant rate of crosshead movement of 0.76 mm min™. Flexural
strength was calculated using the formula: S = 3PL/2WH , where Pis
the loading at breaking, L is the span, and Wand H are the width and
thickness of the specimen, respectively.

Joint strength. Joint strength test was conducted on an Instron
load frame (Instron 5585H). GFRV and FR-4 with dimensions of
29 x 29 x 0.6 mm were prepared as test specimens. Circleswith a diam-
eter of 10 mmwere laser cut from the specimens. The holesinthe GFRV
were repaired with fresh vitrimer, while the holes in the FR-4 were
repaired using super glue (Insta-Cure+, Bob Smith Industries) along
with additional FR-4 circles that were also laser cut to a diameter of

10 mm to ensure a stiff interfacial strength and prevent any deforma-
tion of the repaired holes in FR-4 during testing. Specimens were cen-
tred onahollow metal cylinder support with the long axis perpendicular
to the punch, with a support span of 16 mm. The testing setup is illus-
trated in Extended DataFig. 3a. The test was performed under ambient
conditions, and the load was applied at a constant rate of punch move-
ment of 0.1 mm per min. Joint strength was calculated using the for-
mula: 7 = F/mdh, where Fis the loading at breaking, and d and h are the
diameter and thickness of the hole, respectively.

Chemical characterization

Moisture absorption. Moisture absorption of GFRVs was evaluated
following IPC-TM-650 Method 2.6.2.1 (ref. 47). A specimen measur-
ing 29 x 29 x 0.51 mm with sanded edges was first dried in an oven
at 100 °C for 1 h, cooled to room temperature in a desiccator and
weighed immediately upon removal from the desiccator. Subse-
quently, it was immersed in a glass container filled with distilled
water keptat23 °Cinafumehood. The specimen was collected from
the water after 24 h, dried with Kimwipes and an air blow gun, and
weighed immediately to determine the final weight. Moisture absorp-
tion was calculated as the percent increase in weight: 100% x (final
weight - initial weight)/initial weight. The testing setup is shown in
Supplementary Fig. 8.

Flammability. Flammability of GFRVs was evaluated in accordance with
IPC-TM-650 Method 2.3.10 (ref. 47). GFRV samples with dimensions of
60 x12.5 x 0.54 mm were first exposed to standard laboratory condi-
tions for 24 h. Subsequently, the burner was safely placed in a fume
hood, and then ignited and adjusted to produce a blue flame 19 mm
high. The specimen was mounted in the test fixture with its longitudinal
axis vertical, and placed centrally above the blue flame. The burner was
withdrawn from the specimen after 10 s. The testing was recorded on
video (Supplementary Video 2), and the burning duration was calcu-
lated using frames in seconds.

Wireless IoT prototype

To demonstrate the potential applications of our vPCB, an loT platform
that features wireless communication and functional control, signal
reading and transmission was designed around the BLE-integrated
nRF52SoC (nRF52832, Nordic). Visual Studio Code with Arduino exten-
sionwas used for microcontroller unit programming. A Bluefruit Con-
nect Android application was used for communication between the
microcontroller and mobile devices. Sensor measurements were read
either using the microcontroller’s analogue-to-digital converter (ADC)
foranalogue sensors, or by sending acommand using the standard I*’C
serial communication bus to read digital data from various external
sensors. The operation of temperature, humidity and pressure sensing
was demonstrated (BME280, Bosch Sensortec). Sensor datawere then
transmitted via Bluetooth.

Life-cycle assessment

Our modelling system encompasses the entire life cycle of vPCB, from
raw material extraction and manufacturing to end-of-life disposal,
with typical use case assumptions made for factors such as the 1.7%
surfaceareaofviaholesinaPCB,10% loss of glass fibre due to fraying,
97%recovery efficiency for THF, as well as waste management. All other
variables that determine the amount of material and energy needed
for remanufacturing and recycling scenarios were collected in the lab
testing environments to provide accurate information for the life-cycle
inventory, including raw material recovery percentages, water usage
and energy consumption.

All background unit process inventories were derived from the
Ecoinvent database and implemented in the LCA software GaBi, adopt-
ing the EF method (v.3.0) forimpact assessment of the environmental
footprintinitiative.
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Reporting summary

Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability

All dataneeded to evaluate the conclusions of this study are available
inthe paperorinthe Extended Dataand Supplementary Information.

Source data are provided with this paper.

Code availability

The source codeis available for download on GitHub at https://github.

com/iamZhihanZhang/vPCB-loT-Platform.git.
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resultsin faster stress relaxation. d, e, f, Characterized storage modulus, loss
modulus, and tan delta of pristine vitrimer (d), vitrimer after one recycling cycle
(e), and vitrimer after two recycling cycles (f).

Extended Data Fig. 1| Dynamic mechanical analysis of pristine and recycled
vitrimer. a, b, c, Normalized stress relaxation curves of pristine vitrimer (a),
vitrimer after one recycling cycle (b), and vitrimer after two recycling cycles (c) at
temperatures ranging from 140 °C to 240 °C. In all cases increasing temperature
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Extended Data Fig. 2| Peel strength for copper-clad laminates with a layer of partially cured vitrimer. a, b, Curves of the peeling force per width of copper-clad
versus displacement for laminates with a layer of partially cured vitrimer after thermal stress (a), and at 125 °C (b) compared to the PCB standard of FR-4.
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using super glue. ¢, Photograph of FR-4 after shear punch, showing cyanoacrylate
glue bond broke. d, Photograph of GFRV after shear punch, showing the repaired

via hole was deformed into a funnel-shape under the force of punch but remained
intact, indicating a stronger interface at the hole boundary.

Extended DataFig. 3|Joint strength of repaired via holes in vPCB.

a, Photograph showing the joint strength testing setup. Specimen is centered on
ametal hollow cylinder support with asupport span of 16 mm. b, Characterized
shear stress of repaired via holes in GFRV compared to the repaired holes in FR-4
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Acetone CHCI, DMF THF

Extended Data Fig. 4 | Solvents test for vPCB recycling. GFRV samples were cut into rectangular shapes and immersed in various solutions (Acetone, CHCl,, DMF,
THF); the top, middle and bottom photos were taken immediately after immersing, after 48 h, and after 96 h, respectively.
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Extended Data Fig. 5| Characterized storage modulus, tan delta, retention of

storage modulus, and vitrimer transition temperature of recycled vitrimer.
a, Characterized storage modulus temperature sweep results of vitrimer after

one and two recycling cycles compared to pristine. The storage modulus shows a
slight decrease after recycling. b, Tan delta temperature sweep results of vitrimer
after one and two recycling cycles compared to pristine, tan delta broadens
and the left shift of peaks is negligible after recycling. ¢, Retention of storage
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modulus of vitrimer after one and two recycling cycles compared to pristine,
datais presented as mean (SD) of vitrimer specimen in 4 parallel experiments
(N=4).d, Tvcomparison of pristine vitrimer, vitrimer after one and two recycling
cycles, indicating the shift of Tvis negligible after recycling. The Arrhenius plot is
derived with alinear fit to the low-temperature region (140 °C to 180 °C), and its
intersection with where the stress-relaxation constantis10*6 indicates the Tv.
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Extended Data Fig. 7| Environmental impact of vPCB freight. Comparison of the environmental impact of vPCB freight versus conventional FR-4 prepreg freight
across 11 different categories.
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Extended Data Fig. 8 | Breakdown of global warming potential for conventional FR-4 PCB. Global warming potential impact breakdown of conventional FR-4 PCB,
showing that raw materials account for 48.5% of the total impact.
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