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A Composite of Polyether Ether Ketone and Silica-Coated
Copper Particles for Creating Tailored Conductive Tracks via

Laser Printing

Alexander Schnettger,* Ulrich Holldnder,* and Hans J. Maier*

Conventional substrates for optoelectronic systems include inorganic or
organic carrier materials; however, these systems are typically subjected to
environmentally harmful multistep processes to prepare printed circuit
boards. To mitigate these issues, the present article reports a polyether ether
ketone (PEEK)-based composite densely filled with copper microparticles,
prepared using a simple, cost-effective, and sustainable synthesis method.
The material exhibits high thermal conductivity but is electrically
nonconductive prior to undergoing laser treatment. To prevent the composite
from exhibiting electrical conductivity, the copper particles are coated with a
thin silica layer through a sol-gel reaction. The thermal stability of PEEK and
the Cu—PEEK composites with Cu contents of up to 70 vol%, which are
prepared via heat melding, is investigated by thermogravimetric analysis,
differential scanning calorimetry, and Fourier-transform infrared spectroscopy
to clarify the manner in which copper affects the chemical structure of the
polymer. The developed composite exhibits a significantly higher thermal
conductivity than that of the unfilled PEEK polymer. This paper also describes
the effects of laser treatment on the surface morphology. Overall, this study
suggests that conductive tracks with low electrical resistance can be created
on electrically insulating substrates with high thermal conductivity.

have recently drawn considerable attention,
given their applicability in diverse fields
such as light-emitting display production,
wearable electronics, bioelectronics, and
microelectronics.l?] These promising ma-
terials combine the beneficial characteris-
tics of metals, such as high thermal and
electrical conductivities, with those of ther-
moplastic polymers, such as design flexi-
bility, chemical stability, light weight, cor-
rosion resistance, and cost- and resource-
efficient production.’! These composites
are typically produced by mixing small
metal particles with thermoplastic polymer
powders, followed by injection molding or
extrusion. The thermal and electrical con-
ductivities of these composites are affected
by factors such as the concentration, size,
shape, and distribution of the metal filler
particles. For instance, composites filled
with needle-shaped particles can exhibit
continuous electrical conductivity even at
a low metal content of 10 vol%. This has
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been attributed to the generation of contin-

uous metal networks due to metal particle
agglomeration in the composite. In the case of spherical particles,
the metal content is close to the nominal packing density of the
spheres.[*]

An insulating layer is typically formed around the metal filler
particles to prevent the composites from exhibiting electrical
conductivity. Among the typical shell materials used for this
purpose—SiO,, TiO,, and Al,O,l—silica is particularly well
suited for producing core—shell particles because of its low-
cost synthesis; its outstanding properties including optical trans-
parency, chemical inertness, and stability, especially in water; and
its amenability to surface modification.®! For instance, the sol-
gel reaction conducted using silicon alkoxides as precursors in
ethanol-ammonia mixtures allows the growth of a silica shell
around particles.!”*]

Numerous metallization methods including inkjet printing,°!
photolithography,[') printed electronics,'!! and ligand-induced
electroless plating!!?] have been investigated for metallic pattern-
ing of thermoplastic surfaces to create conductive tracks. How-
ever, these methods typically require toxic solvents, expensive
equipment, and complex processing steps.

Laser-induced pattern creation has been targeted as an attrac-
tive alternative to the aforementioned methods for fabricating
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Figure 1. Schematicillustrating the synthesis of silica-coated copper microparticles via a sol-gel reaction and the preparation of the Cu—PEEK composite.

electrically conductive patterns by avoiding multilevel tech-
niques, minimizing costs, and preventing environmental
risks.['] For example, Zhang et al. investigated the formation
of copper-based conductive pathways on a composite of copper
hydroxyl phosphate [Cu,(OH)PO,] and acrylonitrile butadiene
styrene through laser irradiation, which served as an activation
step for the catalytic filler particles, followed by electroless copper
plating.[!! Yang et al. prepared a copper aluminate polycarbonate
composite and metallized its surface by laser direct structuring,
followed by electroless copper plating.!'*]

To develop an electrically insulating material with high ther-
mal conductivity as a novel carrier for constructing optoelec-
tronic devices with effective heat dissipation attributes, a metal—
thermoplastic composite of polyether ether ketone (PEEK) loaded
extensively with spherical copper microparticles was synthesized
in the present study.

PEEK, the matrix material of the developed composite, is a
polyaromatic, semicrystalline thermoplastic polymer that is syn-
thesized by nucleophilic substitution polycondensation of 4,4'-
difluorobenzophenone with the disodium salt of hydroquinone.
In particular, PEEK exhibits outstanding mechanical and chemi-
cal resistance, even at high temperatures, > highlighting its po-
tential for use in heat-dissipating systems. Moreover, it has a
glass-transition temperature T, of 133 °C and a melting temper-
ature T, of 335 °C, which increase monotonously with increas-
ing ketone-to-ether ratio owing to an improvement in the crystal
packing efficiency.'®! Moreover, this aromatic polymer exhibits
toughness, abrasion resistance, high impact strength, and partic-
ularly noteworthy flexural and tensile properties.['’] In addition,
it is resistant to a wide variety of organic solvents.!8]

The desired high content of copper particles in the compos-
ite (=70% by volume) inevitably led to individual particles estab-
lishing contact with each other, generating electrically conductive
pathways. Thus, to form an insulating silica shell around the par-
ticles, a sol-gel reaction was conducted using a high potassium
concentration to lower the melting temperature. The silica shell
could operate as a fluxing agent, promoting the formation of cop-
per networks via local melting of the surface, which was induced
by laser treatment of the surface; this method simultaneously en-
abled the production of individually designed conductor paths
without requiring the subsequent metallization step (Figure 1).
Specifically, laser direct structuring was employed because it en-
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ables noncontact, efficient, and low-cost formation of conductive
tracks. In this technique, the laser beam induces selective decom-
position of the polymer surface, and the removal of the polymer
matrix leads to the formation of a metallic conductive path, with
the residual material subjected to only minor thermal and me-
chanical stresses.[*"]

2. Experimental Section

2.1. Chemicals

Tetraethyl orthosilicate (TEOS), ethanol, a concentrated
methanolic potassium hydroxide solution, the copper mi-
croparticles, PEEK, and potassium hydroxide were obtained
from Fisher Scientific GmbH, Scharlau, Acros Organics, GTV
GmbH, Goodfellow, and J. T. Baker, respectively. All chemicals
were used as received without further purification.

2.2. Synthesis of Silica-Coated Copper Microparticles

Seeded sol-gel polymerization was performed to synthesize
nanometer-sized silica coatings for the copper microparticles. To
that end, copper particles were first added to an ethanol-water
solution with a pH of 9. The pH was adjusted using a concen-
trated methanolic potassium hydroxide solution. Potassium hy-
droxide initiated the sol—gel reaction as a catalyst and served as a
potassium source to increase the potassium-ion concentration in
the shell. Thereafter, a TEOS—ethanol solution was added to the
copper—ethanol mixture every 30 min four times. The pH of the
resulting solution was maintained by adding potassium hydrox-
ide. The ethanol-water ratio of the solvent was varied from 10:1
to 60:1, the concentration of TEOS was changed from 0.5 to 3 m,
and the reaction time was adjusted from 4 to 24 h. The temper-
ature during the reaction was kept constant at 25 °C (Figure 1)
Supporting Information).

2.3. Preparation of Cu—PEEK Composite with Silica-Coated
Copper Microparticles

Figure 1 demonstrates the procedure for the preparation of the
Cu-PEEK composite. The silica-coated copper microparticles and

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85US0|7 SUOWILWOD) BAIIRR1D) B|cedl|dde ay) A pausenob afe S3o 1L VO ‘9SN JO'S3|NI 104 AReid18UIUQ AB]IAA UO (SUOIIPUOD-PUR-SWUIBHI0D" A8 |1 A1 1pU1 UO//SARY) SUORIPUOD PUe SWB | 8U} 885 *[7202/60/80] U0 AigiaulluO ABIM ‘Auewes) aUeIya0D AQ #9200£202 BWR/Z00T OT/I0p/W00" A8 1M AIq | Bul UO//SANY WOlj pepeojumod ‘2 ‘v202 ‘S0Z6ErT


http://www.advancedsciencenews.com
http://www.mame-journal.de

ADVANCED
SCIENCE NEWS

tMISeS

lar
Materiols and Engineering
— D

www.advancedsciencenews.com

powdered PEEK (10 um) were thoroughly mixed in a beaker. The
resulting homogeneous mixture was poured into a rectangular
steel mold lined with graphite foil, which helped prevent adhe-
sion between the mold and PEEK, and the mold was then covered
with another graphite foil. Subsequently, a steel plate was placed
on top and the powder was compacted within the mold using a
parallel hand press. Finally, the thermoplastic polymer contain-
ing the silica-coated copper particles was heat-treated at 470 °C
for 1 h in a continuous furnace (Kohnle GmbH, Germany). Sub-
sequently, graphite foil was removed from the obtained silica-
coated copper—PEEK composite.

2.4. Differential Scanning Calorimetry (DSC)

DSC measurements of the composite (=5 mg) were performed
usinga NETZSCH DSC 214 device (Polyma, Germany) in a nitro-
gen atmosphere by increasing the temperature from 30 to 400 °C
at a heating rate of 10 °C min~! in an aluminum oxide pan. The
DSC curves of PEEK and the PEEK/silica-coated copper compos-
ites with different copper concentrations (65 and 70 vol%) helped
determine the glass transition temperature and melting range of
the polymer.

2.5. Thermogravimetric Analysis (TGA)

The copper—PEEK composite (15 g) was subjected to TGA us-
ing a NETZSCH TG 209 F1 Libra apparatus by increasing the
temperature from 30 to 900 °C in a nitrogen atmosphere and
from 900 to 1000 °C in an oxygen atmosphere at a heating rate of
10 °C min~! in an aluminum oxide pan.

2.6. Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectra of the silica-coated microparticles and copper—
PEEK composites were acquired using a LUMOS II system
(Bruker, Germany). Owing to the opacity of the samples, the
copper-PEEK composites were crushed and filled with potas-
sium bromide pellets. Spectra of the composites were collected in
attenuated-total-reflection mode and those of the particles were
acquired in transmission mode at a resolution of 2 cm™! with

30 scans per measurement in the range of 400-4000 cm™".

2.7. Scanning Electron Microscopy (SEM)

The silica-coated copper microparticles were characterized by
SEM to examine the structure and thickness of the silica shell,
with the latter determined by inspecting the silica layer from the
coating edges to uncoated areas. The layer thickness was esti-
mated by correlating the experimentally measured value with the
Si/Cu ratio of the coated particles. SEM was performed using a
ZEISS Supra 55 VP instrument operating at 15 kV by applying
powdered samples onto carbon platelets. Energy-dispersive X-ray
(EDX) spectroscopy was performed to determine the chemical
composition of the silica shells, with elemental mapping analy-
sis conducted to probe the elemental distributions on the copper
surface.
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2.8. Laser Treatment

The laser treatment of the Cu-PEEK composite surface, which
helped generate conductive tracks, was performed using a DPL
Smart Marker II system featuring a Nd:YAG laser (ACI Laser
GmbH) in air with a wavelength of 1064 nm, a maximum power
of 10 W, a repetition rate of 80 kHz, and a spot size of 50 pum.
The parameters power (1.6-8.4 W corresponds to 40%-100%),
frequency (30-80 kHz), writing speed (600-1100 mm s~!), and
number of repetitions (1-5) were set using Magic Mark (V.3) soft-
ware.

2.9. Thermal Conductivity

The thermal diffusivity (a) values of the composite and pure
PEEK (a) were determined from thermal conductivity measure-
ments as follows

A
@=L (1)

where 4 is the thermal conductivity, p is the density, and c¢ is
the specific heat capacity. The thermal conductivity measure-
ments were performed using a NETZSCH LFA 447 instrument,
in which the bottom of the sample was subjected to a short heat-
ing pulse using a xenon flash lamp. An infrared detector was
placed on the upper side to measure heat increase. Thermal con-
ductivity was measured at temperatures of 25, 50, 100, 150, and
200 °C.

3. Results and Discussion

3.1. Synthesis of Silica-Coated Copper Microparticles

SEM imaging of the silica-coated copper microparticles
(Figure 2a) revealed that most of the copper particles were
covered with a dense silica shell. The dark gray and lighter areas
on the particle surface corresponded to silica and uncoated
copper, respectively. Elemental mapping analysis suggested that
a dense layer comprising silicon, oxygen, and potassium had
formed on most of the copper particle surfaces (Figure 2c—f). The
formation of a silica layer on the copper surface is determined by
the interaction between copper atoms and the silica molecules.
A crystalline copper surface is not able to form strong adhesion
with the silica; in this case, the interaction is based on electro-
static effects. The partial oxidation of the copper surface results
in a chemical bond between the oxygen atom of the copper oxide
and the silicon atom. In the Cu-PEEK composite material, ad-
hesion is determined by the intermolecular interaction between
PEEK and the silica. The presence of hydroxyl groups on the
surface of the silica layer leads to the formation of hydrogen
bonds with the carbonyl group of the PEEK polymer molecule.
SEM was also used to determine the thickness of the silica
shell. The silica shell thickness was measured at different parts
of a particle and on different particles at the edge of coated and
uncoated areas. The received average shell thicknesses were cor-
related with the silicon copper ratio determined by EDX analysis
of the examined samples. The mean silica layer thickness of the
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Figure 2. SEM images and elemental maps of the silica-coated copper microparticles: a) wide-area image demonstrating the difference in particle size;
b) high-magnification image of a single K,SiO3-coated copper particle; and distributions of ¢) all four elements (O, Si, Cu, and K), d) Si, e) O, and f) K

on the surface of a representative copper particle.

particles was calculated using Equation (2)

tg.
x = Si:Cu,2 . xl (2)

Tsi:cu1

where x, is the measured silica shell thickness, ;¢ ; is the mo-
lar ratio of the area where the layer thickness was determined,
and rg; ¢, , is the molar ratio of the silica coated particles. The cal-
culated silica shell thicknesses are summarized in Table 1.

Essentially, a representative silica-coated copper microparticle
with uncoated areas was used to measure the layer thickness
(Figure 3), which was estimated to be 300-560 nm.

FTIR analysis of the silica-coated copper particles was per-
formed to validate the surface functionalization of the copper
particles (Figure 4). In the acquired spectrum, the IR band at
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782 cm™! is associated with Si—OH and Si—O bonds. Moreover,
the intense peak at 1045 cm™ signifies the asymmetrical stretch-
ing vibration of Si—O—Si bonds, and the peak at 3450 cm™"! cor-
responds to the O—H stretching vibration.[2]

The present study was primarily aimed at optimizing the
reaction conditions for achieving a homogenous silica coating
with a high potassium concentration. The melting point of sil-
ica depends on the potassium concentration in the polymeric
network,[?!l with an increase in potassium concentration lead-
ing to a decrease in the melting temperature. Ammonia, which
is typically used as a catalyst in sol—gel reactions, was not em-
ployed in the present study owing to its tendency to form copper
tetraamine complexes [Cu(NH;),]**.[?2] Therefore, potassium hy-
droxide was used instead of ammonia as the catalyst and also
as the potassium source. The hydrolysis and condensation steps
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Table 1. Reaction conditions for coating copper microparticles with silica
and the corresponding silica shell thicknesses and silica-to-potassium ra-
tios

No. Preparation conditions Results
tfh]  ¢[mol L7 EtOH/H,0  Shell thickness [nm]  Si/K ratio®

1 4 0.5 60 70 2.8
2 4 0.5 35 90 2.1
3 4 0.5 10 130 2.5
4 4 1.75 60 70 29
5 4 1.75 35 280 4.4
6 4 1.75 10 210 29
7 4 3 60 710 4.2
8 4 3 35 140 29
9 4 3 10 50 2.8
10 24 0.5 60 290 2.8
11 24 0.5 35 250 33
12 24 0.5 10 5 2.5
13 24 1.75 60 5 1.8
14 24 1.75 35 6 3.1
15 24 1.75 10 7 3.4
16 24 3 35 200 33
17 24 3 10 6 2.8
18 9 0.5 60 30 3.1
19 9 0.5 35 80 3.1
20 9 0.5 10 90 3.1
21 9 1.75 60 40 3.0
22 9 1.75 35 50 3.7
23 9 1.75 10 90 3.1
24 9 3 60 80 3.6
25 9 3 35 160 2.8
26 9 3 10 40 29

3 Si/K ratio determined based on the mass percent estimated from EDX analysis.

Figure 3. Silica shell thickness determined by inspecting the silica layer at
the edge between coated and uncoated areas.
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Figure 4. FTIR spectrum of silica-coated copper microparticles in KBr
pellets.

of sol-gel reactions are strongly affected by the process param-
eters, with branched cluster formation, hydrolysis, and conden-
sation occurring faster under basic conditions than under acidic
conditions.[?*] Therefore, the reaction time, concentration of the
silica precursor (TEOS), and ethanol-to-water ratio were varied to
optimize the reaction conditions. The temperature and pH of the
solution (9) were kept constant. According to Liz-Marzan et al.,
the pH should be maintained between 8 and 10 to reduce the sol-
ubility of the silicate species in the solution and avoid the forma-
tion of silica nuclei instead of a dense silica layer.?*] The reaction
conditions and the calculated thickness of the silica shell for dif-
ferent silica-to-potassium ratios, which describe the amount of
potassium in the shell, are summarized in Table 1.

When the reaction was conducted for 4 h, the shell became
thicker as the TEOS concentration increased, from 70 nm at 0.5 m
TEOS to 710 nm at 3 m TEOS. Moreover, for a fixed reaction
time and TEOS concentration, the thickness of the silica layer
increased with increasing water content. According to Kobayashi
etal.”l and Mine et al.,[?°] an increase in water concentration in-
creases the shell thickness, owing to the dissociation of ammonia
hydroxide, and increases the ionic strength of the solution. The
layer thickness obtained using a TEOS concentration of 0.5 m in
the 4 h reaction increased from 70 to 130 nm when the ethanol-to-
water ratio was changed from 60:1 to 10:1. Evidently, the higher
water concentration increased the hydrolysis rate of the ethoxy
groups of the TEOS molecules, yielding silanol groups. The hy-
drolysis step of the sol-gel reaction occurs via an Sy2-Si mecha-
nism involving the attack of a hydroxide ion on the silicon atom
and replacement of the alkoxide anion by inversion of the silicon
tetrahedron.2°] At a high H,O concentration, the silicon precur-
sor is completely hydrolyzed, and more silanol groups are avail-
able for the condensation step and agglomerate into larger shells
on the surface of the copper particles.?”-2] Notably, the silica-to-
potassium ratio increased with increasing shell thickness, and a
decrease in the potassium concentration in the shell led to an
increase in the melting temperature of the silica layer.

Furthermore, the silica shell obtained via prolonged reactions
was found to be thinner, in contrast to our expectations and
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Figure 5. a) TGA and b) DSC curves of PEEK and Cu-PEEK composites containing 65 and 70 vol% silica-coated copper microparticles, obtained in a

nitrogen atmosphere.

previously reported results.[?! This was presumably due to the
friction between the copper particles, which shaved off the sil-
ica layer from the surface. Furthermore, core-free silica spheres
arise from secondary nucleation during the sol-gel reaction
consuming TEOS, which cannot be deposited onto the copper
particles.[?!] Overall, the optimal conditions for performing the
sol—gel reaction to yield a dense, thin layer with a high potassium
concentration were as follows: reaction time, 4 h; TEOS concen-
tration, 0.5 M; and ethanol-to-water ratio, 35:1. The corresponding
reaction yielded a 90-nm-thick shell and a silicon-to-potassium
ratio of 2.04, resulting in a melting temperature of ~800 °C.

3.2. TGA of the Cu—PEEK Composite

The thermal stability of PEEK and the copper-PEEK compos-
ites containing silica-coated copper microparticles of different
concentrations was assessed by TGA in an inert atmosphere
(Figure 5a). The TGA curve of pristine PEEK showed that the
polymer was not affected by the increase in temperature up to the
initial stage of decomposition, which occurred at 520 °C. Notably,
decomposition of the Cu-PEEK composite with 65 vol% copper
was initiated at 410 °C. A further increase in the Cu content of
the polymer matrix to 70 vol% reduced the temperature at which
decomposition was initiated to 400 °C.

Pristine PEEK decomposed rapidly and significantly from 550
to 618 °C, leading to a weight loss of 38%. The decomposition rate
decreased at temperatures above 620 °C, leading to a maximal
weight loss of 50% at 900 °C. Vasconcelos et al. observed sim-
ilar thermal behavior when investigating neat PEEK in a nitro-
gen atmosphere.3% Notably, in contrast to the considerable maxi-
mum weight loss of pristine PEEK, that of the Cu—PEEK compos-
ite containing 70 vol% copper was only 3.3% at 900 °C, with the
composite containing 65 vol% copper exhibiting a slightly higher
value of 4.2%. The weight loss of the composites was significantly
lower than that of the PEEK polymer matrix (~50%). The ther-
mal decomposition of PEEK occurs in two steps, with the first
step involving chain scission of the ether and ketone bonds, yield-
ing phenol as the main decomposition product, and the slower
second step involving volatilization of the decomposition prod-
uct residue and carbonization of the leftover residue. Patel et al.
comprehensively described the decomposition of PEEK through
a radical decomposition reaction.3!) The incorporation of copper
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into thermoplastic PEEK led to reduced thermal stability owing
to the weakening of chain interactions and the loss of polymer
chain flexibility.®”) However, the presence of a high copper con-
tent essentially led to a lower weight loss because copper did not
melt in the investigated temperature range. Another factor that
caused the low weight loss was the barrier effect of the incorpo-
rated copper microparticles, which hindered the diffusion of the
polymer decomposition products from the condensed phase to
the gas phase.

3.3. DSC Analysis

The thermal behavior of thermoplastic PEEK and the Cu-PEEK
composites containing 65 and 70 vol% silica-coated copper mi-
croparticles was further examined by acquiring thermograms
(Figure 5b). The T, values of the Cu-PEEK composites (160.4 °C
for Cu-PEEK 65 vol% and 158 °C for Cu-PEEK 70 vol%) were
higher than that of pristine PEEK (145.7°C). The copper mi-
croparticles in the composite limited the mobility of the polymer
chains by reducing the free volume of the PEEK matrix. Accord-
ing to Droste and Dibenedetto, the flexibility and mobility of the
polymer chain are reduced by the filler-polymer matrix interac-
tions, and the T, enhancement depends on the type and con-
centration of the filler.[**] Atkinson et al. analyzed the increase
in T, based on crystallinity, which limits the polymer chain mo-
bility, and noted that highly crystalline areas of a polymer exhibit
a higher T, than that of semicrystalline regions.l**) PEEK exhibits
a T, value of 344.9 °C and a melting enthalpy AH, of 44 ] g7'.
Notably, in contrast to PEEK, the Cu—-PEEK composites did not
exhibit melting behavior. Copper did not melt in the investigated
temperature range, and the first-order thermal transformation of
PEEK melting was not detected owing to the high copper con-
tent in the composite (65-70 vol%). In addition, certain parts of
PEEK could have existed in an amorphous state. Al-Khazaal and
Ahmad argued that increasing the metal content increases the
heat of fusion, leading to the composite exhibiting superior ad-
hesive properties.*

3.4. FTIR Spectroscopy

FTIR spectra of PEEK and the Cu—PEEK composites with copper
contents of 65 and 70 vol% were acquired (Figure 6). The spectra
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Figure 6. FTIR spectra of PEEK and the Cu-PEEK composites containing
65 and 70 vol% silica-coated copper microparticles.

showed different peak intensities that decreased with increasing
copper content. Copper neither affected the chemical structure
of the polymer nor catalyzed its decomposition during the com-
posite preparation. In the obtained spectra, the absorption peak
at 2933 cm™! represents the stretching vibration of C—H bonds
in the aromatic rings. Moreover, the peak at 1645 cm™! is indica-
tive of the C=0 stretching vibration of the carbonyl unit, and the
band at 1223 cm™! can be attributed to the C—O—C asymmetric
stretching vibrations of the ether bond between the two phenyl
groups. The adsorption peaks appearing at wavenumbers below
1000 cm™! represent the distinctive fingerprint peaks of PEEK,
which are consistent with the literature.*°!

3.5. Formation of Conductive Tracks via Laser Treatment

Laser treatment of the surface of an insulating thermoplastic
composite can enable selective metallization to achieve a smooth
metal surface by fusing neat copper particles. The direct metal-
lization of the surface by means of laser marking allows great
freedom in the design of the marking pattern. Due to the favored
application of the composite material as a basis for conductor
paths, the lasered structures are preferably lines, squares and cir-
cles, which serve as possible connection points (Figure 7). This
approach permits the creation of conductive tracks on a compos-
ite surface in a single step. The successful preparation of conduc-
tive tracks by laser melting depends on the content and shape

a)

www.mame-journal.de

of the metal particles and their dispersion within the polymer
matrix. Notably, short circuits can occur between the conductive
tracks in systems with a high metal content.*”] Thus, an insu-
lating silica shell is necessary around the copper particles, which
helps the surrounding material retain its nonconductive proper-
ties.

In the present study, the formation of a smooth, closed metal
surface with low electrical resistance was assessed by pyrolyzing
the polymer and silicate layer and fusing the copper particles by
tuning the laser treatment parameters. In particular, the power,
frequency, writing speed, and number of repetitions were varied
to determine the optimal conditions. The laser irradiation effects
are related to the amount of energy provided to the surface of the
composite and the selected processing parameters.

Within the scope of the study conductive tracks with a width
0f 1.2 + 0.01 mm and a length of 10 + 0.01 mm can be produced.
Due to the high electrical resistance of the composite material of
1.5 MQ, which is achieved by the silica layer on the surface of the
copper particles, the distance between the lasered tracks could be
reduced to 0.4 mm without causing short circuits between the in-
dividual tracks. The dependence of the electrical resistance of the
generated conductive path on frequency was investigated for dif-
ferent laser powers ranging from 40% to 60% at a constant writ-
ing speed of 150 mm s~! (Figure 8a). The results did not reveal
a clear trend with respect to the increase in pulse repetition fre-
quency. When the surface of the composite was structured using
a laser power of 60%, the electrical resistance initially decreased
significantly to 0.28 k. This value is distinctly higher than that
of neat copper and the targeted electrical resistance of <1 Q due
to absent particle agglomeration and fusion. The electrical resis-
tance of the generated conductive path increased with further in-
creases in frequency, reaching a maximum at 55 000 Hz. The
fluctuating trends were presumably related to the distribution of
copper particles in the polymer. The particles were heated to dif-
ferent degrees owing to the different sizes of the copper particles
and variations in their distribution; this temperature gradient had
a limiting influence on the melting behavior.!*!

The electrical resistance was then examined as a function of
the laser power at a constant frequency of 60 000 Hz and a writ-
ing speed of 300 mm s~! (Figure 8b). Increasing the laser power
from 40% to 50% led to a decrease in the electrical resistance to
0.46 kQ, with subsequent increases in the laser power leading to
an increase in the electrical resistance to 1.1 kQ. The high energy
input not only led to the decomposition of the silica shell, but also
resulted in the silica coating fusing with the glassy structures be-
tween the copper particles, thereby decreasing the electrical con-
ductivity (Figure 9f). Hou et al. observed the opposite behavior,

c)

Figure 7. a) Lasered conductive track on Cu-PEEK composite containing 70% silica-coated copper particles; b,c) optical microscope images of the

lasered conductive tracks.
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Figure 8. Electrical resistance of the laser-treatment-derived conductive tracks for a) different pulse repetition frequencies and three different laser
powers, b) different laser powers at a high frequency of 60 kHz, and c) different writing speeds for laser powers between 80% and 100%.

in that an increase in the laser power decreased the electrical re-
sistance of the laser-generated conductive track. Their composite
comprised high-density polyethylene and copper particles with-
out insulating layers.[*"]

The electrical resistance of the traces was then probed as a
function of the writing speed at a fixed frequency (Figure 8c).
Increasing the laser power from 80% to 100% led to a decrease
in the electrical resistance. Moreover, the writing speed of the
laser in the range of 600-900 mm s~! did not affect the electri-
cal resistance; however, a further increase in the writing speed
to 1050 mm s~! enhanced the electrical resistance. These trends
have been reported in studies on the formation of conductive
structures on composite surfaces.*>*’] The aforementioned re-
sult indicates that individual areas could no longer be sufficiently
heated by increasing the writing speed, implying that the copper
particles did not fuse together.[*!]

Overall, these results show that the formation of conductive
tracks on a copper—PEEK composite surface could be achieved by
single-step metallization through laser direct writing, in contrast
to the more complicated procedure reported by Xu et al., which
involved laser activation of the surface, followed by cleaning with
different solvents and electroless plating.['*! The dimensions of
the obtained lasered structures do not meet the level of man-
ufactured conductive tracks, which attain linewidth of 50 pm.
Further work is needed to reduce the linewidth and to improve
the electrical conductivity. Different insulating polymer coatings
such as polydimethylsiloxane (PDMS) with a lower decomposi-
tion temperature compared to silica and which pyrolyze during

Macromol. Mater. Eng. 2024, 309, 2300264 2300264 (8 of 11)

laser treatment need to be investigated to reduce residues among
the copper particles. The apparent properties of PDMS polymer
are chemical stability, electrical insulation, functional processing,
high transparency, and flexibility.['*] However, this method offers
the opportunity to create manifold metallized structures on a sur-
face.

3.6. Morphologies of the Untreated and Laser-Irradiated
Composites

To probe the effects of laser irradiation on the morphology of
the Cu-PEEK composites, SEM images of the surface were ac-
quired before and after laser treatment with an Nd:YAG laser.
The surface of the Cu—PEEK composite with 70 vol% copper
particles before and after laser irradiation was imaged, and Cu
and Si maps were acquired (Figure 9). As shown in the wide-
area micrographs, the copper microparticles were uniformly dis-
tributed in the composite and partially covered and separated by
a PEEK layer. In the SEM images of the laser-irradiated compos-
ite (Figure 9¢,d), the low-magnification image provided evidence
of the decomposition of the polymer matrix. Laser irradiation
led to the degradation of PEEK via pyrolysis, and only the cop-
per particles remained. The copper particles fused owing to the
thermal effect, which increased the particle diameter; in a few
cases, the particles even fused into elongated units. This clearly
indicated that the selected laser parameters were insufficient for
overcoming the surface tension of the copper particles to form a
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Figure 9. SEM images of the Cu—PEEK composite (70%): a,c) wide-area and b,d) high-magnification images of the a,b) untreated and c,d) laser-treated
specimens, and elemental maps of ) Cu and f) Si in the laser-treated sample.

conductive track. Caradonna et al. observed a strong dependence
between the laser setup, track morphology, and the electrical be-
havior of the track.[*?] Analysis of the silicon distribution on the
surface of the copper particles after laser treatment (Figure 9f)
indicated the occurrence of silica shell pyrolysis on the surface
and the lack of a fluxing effect for merging the copper particles.
The residual silica on the sides of the particles resulted in locally
insulating properties, that is, a decrease in macroscopic electric
conductivity.

3.7. Thermal Conductivities of PEEK and the Cu-PEEK Composite

Polymers typically exhibit low thermal conductivity, thereby ne-
cessitating the development of polymer composites with ther-
mally conductive fillers, such as copper microparticles, to realize

Macromol. Mater. Eng. 2024, 309, 2300264 2300264 (9 of 11)

thermally conductive polymer systems. Therefore, in this study,
the influences of filler concentration and particle size on the ther-
mal conductivity of PEEK were investigated.

The thermal conductivity of the unfilled PEEK polymer at
25 °C, 0.275 W m~! K, decreased minimally to 0.2 W m™!
K1 at 200 °C (Figure 10). The thermal conductivity of PEEK
remained almost constant in the considered temperature range
because the intermolecular interactions of this thermally stable
semicrystalline isotropic polymer were not substantially affected
by the temperature increase. The primary heat transfer mech-
anism in PEEK involves phonon transport and phonon scatter-
ing inside the polymer matrix, with the morphology affecting the
heat conduction. The addition of 65 vol% 45-um-sized copper mi-
croparticles to PEEK led to an ~650% increase in thermal con-
ductivity to 2.07 W m~! K~! compared with that of the pristine
sample. Riviere et al. also observed an increase in the thermal
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Figure 10. Temperature-dependent thermal conductivity of PEEK and the
Cu—PEEK composites with filler concentrations of 65 and 70 vol% for dif-
ferent particle sizes between <25 and 45 um.

conductivity of PEEK composites with increasing silver filler
content.[*3] In the present study, the copper microparticles estab-
lished contact owing to their high concentration in the polymer,
thereby creating a thermally conductive pathway. These contacts
between the copper particles necessitated the addition of an in-
sulating silica coating to prevent them from exhibiting electrical
conductivity prior to laser treatment.

A further increase in the content of 45-um-sized copper mi-
croparticles to 70 vol% led a slight increase in thermal con-
ductivity. However, the thermal conductivity remained relatively
constant in the considered temperature range, presumably ow-
ing to phonon scattering in crystalline materials and a lack of
the filler—polymer matrix interactions.[**! The filler size signifi-
cantly affected the thermal conductivity of the composites, with
a reduction in the copper microparticle size leading to an in-
crease in heat conduction. The Cu-PEEK composite with 70 vol%
25-36-um-sized copper particles exhibited a thermal conductiv-
ity of 2.32 W m~! K-!. Smaller particles can be packed more
tightly, thereby yielding efficient thermally conductive pathways
in metal-thermoplastic composites.[*’] A further decrease in the
particle size to less than 25 pm and a filler loading of 70 vol%
led a considerably higher thermal conductivity of 2.78 W m™!
K-!. These results clearly demonstrate that increasing the filler
content and decreasing the particle size led to the formation of a
well-connected filler network throughout the PEEK matrix, which
consequently increased the thermal conductivity.

4. Conclusion

A PEEK-based composite filled extensively with copper micropar-
ticles, which exhibited high thermal conductivity and electrical
insulating behavior, was developed in this study. The salient re-
sults are summarized below.

1) Tailoring the reaction conditions of the sol-gel process facili-
tated the formation of silica-coated copper microparticles with
high potassium concentrations within the shell. Potassium

Macromol. Mater. Eng. 2024, 309, 2300264 2300264 (10 of 11)
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hydroxide served as the catalyst and potassium source and
prevented the formation of copper tetraamine complexes.

2) Selective metallization was performed on the Cu—PEEK com-
posite surface using laser irradiation to generate conductive
tracks in a single step. The electrical conductivity of the con-
ductive tracks depended on the selected laser parameters,
with the laser power and writing speed having the most signif-
icant influences. Increasing the laser power led to a decrease
in the electrical resistance; in contrast, increasing the writing
speed led to an increase in the electrical resistance.

3) The laser treatment enabled pyrolysis of the PEEK polymer
and fusion of the copper particles into larger units. In addi-
tion, the laser parameters were selected to ensure that a met-
allized conductive track with a smooth surface was obtained.

4) The concentration and size of copper particles in the compos-
ite had a substantial impact on the thermal conductivity. The
higher the copper concentration and smaller the particle size,
the higher the thermal conductivity.

5) The Cu-PEEK composite was confirmed to be a suitable base
material for generating conductive tracks via laser metalliza-
tion.
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