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Patterned Electroconductive Networks in Ag-Polyamide 6
Composites by Laser Ablation

Filipa M. Oliveira, Nadya Dencheva, Zlatan Denchev,* Filipe S. Silva, Óscar Carvalho,
and Caroline G. Moura*

A simple, fast, and cost-effective method to fabricate conductive paths on
insulating Ag-containing polyamide 6 (PA6) composites by laser beam
treatment is presented in this study. First, Ag-hybrid microparticles (Ag-MP)
with a total metal load of up to 19 wt% are synthesized based on a reactive
encapsulation strategy utilizing activated anionic polymerization of
𝝐-caprolactam in solution, in the presence of Ag nanoparticles. Then, the
Ag-MP are compression molded into plates (Ag-PL) on which a scanning laser
treatment is applied to create conductive paths in their selected parts. A
comparison between structural, morphological, and thermal properties of the
Ag-MP and the molded Ag-PL composites is performed. The electric
conductive properties of the Ag-loaded hybrid materials are investigated
before and after laser ablation, and it is concluded that the laser treatment
results in selected paths with widths in the range of 500 μm with conductivity
values in the range of 1.12 to 8.90 S m−1 while the untreated Ag-PA6 surface
remains isolating with conductivity values of 1.27 × 10−08 S m−1. These
results prove that applying laser ablation with controlled parameters on
initially insulating Ag-PL composites can efficiently produce conductive line
patterns in composite plates.

1. Introduction

Polymer materials are known for their insulating properties,[1,2]

which is a limitation in the development of flexible electrocon-
ductive materials. For instance, in a recent work, a bimorph
actuator with thermochromic and self-sensing dual functional-
ities was prepared through an in situ synthesis on a cellulose
paper substrate.[3] To overcome this issue, that is, the implemen-
tation of polymer matrices in materials with electrical properties,
the combination of metals and polymers has been investigated
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to associate the mechanical and electrical
properties of metals with the low density,
flexibility, ease of manufacture, and low
cost of polymers.[2,4–8] Several studies have
demonstrated that the addition of metal par-
ticles to polymer matrices improves some
properties of the final polymer composite
obtained, such as the tensile strength,[9,10]

thermal stability,[11–13] and flammability
behavior,[11] as well as the optical,[13,14]

magnetic,[15–17] electrical,[18,19] and electro-
magnetic shielding properties.[18,20] Several
methods have been used to combine the
advantages of metals and polymers in the
same material aiming at its application
in electric and electronic areas. Methods
like physical vapor deposition,[21] chem-
ical vapor deposition,[22] thermal spray
metallization,[23] and electroless plating[24]

have been used in the development of
metal-coated polymer materials. Printing
technologies[25,26] are the alternative to fab-
ricate devices based on metal-conductive
inks, in which polymer matrices reduce the
agglomeration and oxidation of the metal

particulate fillers that provide electrical conductivity. It is worth
noting that these coating and printing techniques require ex-
pensive and specific equipment, high processing costs, and the
part sizes and shapes may be subject to limitations. The surface
modification of a nonconductor fabric substrate by constructing
a polymer-metal-polymer sandwich microstructure coating layer
on the surface of a polymer fabric is a low-cost alternative to
traditional printing technologies.[27] However, if the substrate is
not properly prepared, the adhesion of the metal particles to the
substrate can be weak, affecting the metal-substrate interface
and therefore their electric conductive properties.

Alternatively, metal particles can be dispersed in a polymer
matrix by reactive processing techniques, in which thermoplas-
tic composites are obtained through in situ polymerizations in
the presence of the desired payloads. Among the polymeriza-
tion processes, ring-opening polymerization (ROP) based on
an anionic mechanism is the most common approach.[28,29]

Thus, considering the processability, chemical, and mechani-
cal resistance of polyamide 6 (PA6),[30] activated anionic ROP
(AAROP) of 𝜖-caprolactam (ECL) can be applied in the pro-
duction of PA6 materials. Through reactive microencapsula-
tion of metal loads by AAROP of ECL in a suspension, metal-
loaded PA6-based microparticles (MP) were obtained,[31,32] and
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combining this novel method with the compression molding
(CM) of the MP, metal-containing PA6 composites can be
produced.

The PA6-metal molded composites are usually insulators,[32]

and to produce conductivity in selected zones, lasers can be used
for the surface treatment of those materials. Among the laser pro-
cesses, laser ablation of polymers presents considerable interest
due to its versatility in terms of machining and surface treatment,
as well as the possibilities for micro-component fabrication.[33]

Furthermore, it is a technique with a lower environmental im-
pact since chemical reagents are not implemented.

Whenever a laser beam interacts with a polymeric surface, sev-
eral transformations can occur depending on the parameters of
the beam such as the laser power, number of pulses, and scan-
ning speed. Increasing the laser energy, vaporization, and ab-
lation of the polymer become well-expressed whereas repeated
irradiations in short intervals of time can result in degradation
and carbonization that accompany the melting of the polymer
matrix.[34] Therefore, the use of controlled laser irradiation for
scanning polymers that contain finely dispersed metal loads be-
comes interesting from both theoretical and applied points of
view. In such a way, the polymer that is irradiated by the beam
is selectively ablated on the surface, exposing the metal parti-
cles that can become sintered. Thus, a conductive network can
be possibly created according to the pattern designed by the laser
beam.

Some studies on laser ablation of neat polyamides can be
found in the literature,[34–36] however, polyamide-metal compos-
ites with electrical conductivity in customized areas by a selective
scanning laser treatment have yet to be reported. Here, we report
the first results on the synthesis of Ag-loaded PA6 MP (Ag-MP)
through AAROP in solution and their transformation into PA6
composite plates (Ag-PL) by CM. Thermal methods, electron mi-
croscopy, and X-ray scattering were used to characterize the Ag-
MP and Ag-PL samples. Then, an Nd: YAG laser was used to ir-
radiate the Ag-PL samples exposing the Ag particles in selected
paths, and conductivity measurements were performed after var-
ious laser treatments of the Ag-PL samples. Ultimately, conclu-
sions about possible applications of the Ag-PA6 hybrid materials
produced were presented.

2. Experimental Section

2.1. Materials

The ECL monomer with reduced moisture content for AAROP
(AP-Nylon caprolactam) was delivered from Brüggemann
Chemical, Germany. As polymerization activator, Brüggolen
C20 from Brüggemann Chemical, Germany (C20) was used.
According to the manufacturer, it contains 80 wt% of blocked
di-isocyanate in ECL. The initiator sodium dicaprolactamato-bis-
(2-methoxyethoxo)-aluminate (Dilactamate, DL) was purchased
from Katchem, Czech Republic, and used without further
treatment. Powdered Ag (≥99% pure, with an average grain
size of 230 nm) was supplied by Metalor Technologies, USA.
Toluene, xylene, methanol, and other solvents, all “puriss”
grade, were purchased from Sigma Aldrich and were used as
received.

Table 1. PA6 MP—sample designations, reaction yields, and sample com-
position.

Sample
designation

Load
[wt%]

a)
Composition

[vol%]
b)

MP yield
[wt%]

c)
Real load,
RL [wt%]

d)

Metal PA6

PA6 - 0.00 100 56.0 -

PA6/Ag10 10 2.40 97.6 48.2 18.6

a)
In respect to the weight of ECL in the starting polymerization medium;

b)
Represents the relation between the volumes of metal and PA6 in the respective

sample;
c)

In respect to the sum of the ECL and Ag particles weight;
d)

Determined
by TGA according to Equation (3).

2.2. Sample Preparation

Ag-MP were produced by solution-precipitation AAROP of ECL
according to the procedure described in detail previously.[31,32]

The metal payload was used without any physical pretreatment or
chemical functionalization. Typically, about 0.5 mol of ECL and
the desired amount of Ag powder (10 wt% in respect to ECL) were
added to 100 mL of 1:1 toluene/xylene mixture while stirring, un-
der a nitrogen atmosphere, refluxing the reaction mixture for 10–
15 min. Subsequently, 3 mol% of DL and 1.5 mol% of C20 were
added at once. The reaction time was always 2 h from the mo-
ment of catalytic system addition, maintaining the temperature
in the 125–135 °C range at a constant stirring of ≈800 rpm. The
Ag-MP that formed as a fine powder were separated from the
reaction mixture by hot vacuum filtration, washed several times
with methanol, and dried for 30 min at 80 °C in a vacuum oven.
Neat empty PA6 MP were prepared analogously, without adding
metal particles.

By conventional CM of the MP synthesized, molded plates
were prepared in a 25-ton hydraulic hot press (Moore, England)
using a rectangular mold with dimensions 70 mm × 70 mm ×
2 mm, pressing for 8 min at 230 °C at a pressure of ≈3–4 MPa.
Table 1 presents the sample designations and the respective com-
positions.

Specimens with 10 mm width were cut from the CM plates for
the laser treatment experiments. The experimental setup for ab-
lation of a polymer superficial layer and exposure of the enclosed
Ag particles included the use of a pulsed Nd: YAG laser with a
wavelength of 1064 nm, frequency of 20 Hz, a pulse width of 35
ns, and a spot diameter of 3 𝜇m. Three laser scanning parameters
were varied in this study, namely the laser power (P) which repre-
sents the laser beam energy delivered per pulse in Watts (W), the
scanning speed (v) at the leading edge of the beam front in mm
s−1, and the number of scans (n) carried out by the laser during
the process, evaluating their influence on the electrical proper-
ties of the Ag-PL composites. The laser energy density E, can be
calculated from those parameters according to Equation (1):

E = P ⋅ n
v

, J mm−1 (1)

Table 2 shows the parameters of the laser beam treatment used
in this study. Figure 1 shows a schematic representation of all the
steps related to the sample preparation.
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Figure 1. Illustration of the main experimental steps for the samples preparation: 1) visual aspect of the Ag-MP; 2) visual aspect of Ag-PL composites
prepared by compression molding of the respective Ag-MP; 3) visual aspect of a Ag-PL sample after applying the laser scanning treatment with the
illustration of the laser beam movement.

Table 2. Basic parameters of laser beam treatment and their impact on
the electrical conductivity after it in the Ag-PL samples. The electrical con-
ductivity of the samples before the treatment was 1.27 × 10−08 S m−1.
Reproduced with permission.[32] Copyright 2016, J. Mater. Sci.

Condition
a)

Power
[%]

Power
[W]

n
b)

Scanning
speed

[mm s−1]

Energy
density

c)

[J mm−2]

Electrical
conductivity

[S m−1]

A 100 6.0 4 2 12.0 8.04 ± 0.25

4 6.00 7.54 ± 0.16

8 3.00 4.61 ± 0.15

16 1.50 4.34 ± 0.85

2 2 6.00 8.08 ± 0.24

4 3.00 5.16 ± 0.74

8 1.50 3.60 ± 0.11

16 0.75 1.87 ± 0.74

B 25 1.5 4 2 3.00 7.94 ± 0.33

4 1.50 8.90 ± 0.28

8 0.75 3.31 ± 0.13

16 0.38 5.01 ± 0.27

2 2 1.50 8.13 ± 0.78

4 0.75 2.43 ± 0.74

8 0.38 1.12 ± 0.36

16 0.19 3.90 ± 0.43

a)
Value determined based on the experimental procedure in ref. [32];

b)
n = number

of laser scans (see Equation (1));
c)

Calculated according to Equation (1).

2.3. Methods

Scanning electron microscopy (SEM) studies were performed
in a NanoSEM-200 apparatus of FEI Nova (USA) using mixed
secondary electron/back-scattered electron in-lens detection. The
MP and PL samples were observed after sputter-coating with
Au/Pd alloy in a 208 HR equipment of Cressington Scientific In-
struments (UK) with high-resolution thickness control.

The average viscometric molecular weight, Mv, of the empty
MP was determined by intrinsic viscosity measurements in 97%
sulfuric acid at a concentration of 0.2 g dL−1 with a suspended
level Ubbelohde viscometer thermostatted at 25 °C. Using the
Mark–Houwink equation with K = 5.066 × 10−4 and 𝛼 = 0.74
for PA6[37], the Mv values were determined. Flow times were
recorded as an average of five runs.

Differential scanning calorimetry (DSC) measurements were
carried out in a 200 F3 equipment of Netzsch (Germany) at a
heating rate of 10 °C min−1 under a nitrogen purge. The typi-
cal sample weights were in the 10–15 mg range. The degree of
crystallinity, Xc, of the PA6 matrix was calculated according to
Equation (2):

Xc =
ΔHi

m

w ⋅ ΔH0
m

,% (2)

whereΔHi
m is the registered melting enthalpy of the current sam-

ple, w is the weight fraction of the polymer present in the sam-
ple, and ΔH0

m is the melting enthalpy of a 100% crystalline PA6
(190 J g−1).[38]

The effective inorganic load, RL, in MP and PL samples was
determined using thermogravimetric analysis (TGA) in a Q500
gravimetric balance (TA Instruments, USA) heating the samples
to 600 °C at 10 °C min−1 in a nitrogen atmosphere. The RL was
calculated according to Equation (3):

RL = Ri − RPA6,% (3)

where RPA6 is the carbonized residue at 600 °C of empty MP and
Ri represents the carbonized residue of the respective loaded MP
measured by TGA.

X-ray diffraction (XRD) patterns of Ag-PL samples were ac-
quired at room temperature with a step time of 1 s and step size
of 0.02° min−1 using a Bruker AXS D8 Discover (Bruker, USA)
diffractometer in Bragg–Brentano geometry applying Cu-K𝛼 ra-
diation with wavelength 𝜆 = 1.54060 Å.
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Figure 2. Schematics of the parameters included in the electrical charac-
terization of the PA6/Ag10 molded samples after the laser scanning treat-
ment (see also Equation (4)).

Resistivity measurements were performed using a Fluke
8846A 6.5 Digit Precision Multimeter (Fluke Europe B.V., The
Netherlands). A two-probe test was used, with 10 mm between
the measuring probe points. Electrical resistivity, 𝜌, was deter-
mined following Equation (4):

𝜌 = R ⋅
W ⋅ d

L
, Ω×m (4)

where R is the electrical resistance, and L, W, and d are the pa-
rameters of the laser beam, that is, length, width, and depth, re-
spectively. Then, electrical conductivity, 𝜎, was calculated as the
reciprocal value of the electrical resistivity obtained:

𝜎 = 1
𝜌

, S m−1 (5)

For each laser condition, three samples were prepared, and each
sample was measured three times, taking the arithmetical mean
as a final value of conductivity. A simple configuration of the elec-
trical characterization is shown in Figure 2.

3. Results and Discussion

3.1. Synthesis of Neat and Loaded PA6 Microparticles

The mechanism related to the formation of empty PA6 MP
was postulated by Oprea and Dan[39,40] and Rico et al.,[41] and
more recently proved in the presence of different payloads in-
cluding metals.[31] Hence, if the Ag nanosized particles are
dispersed in the constantly stirred reaction medium, as the
AAROP progresses, they become entrapped into the viscous
droplets formed by growing PA6 polymer molecules and nu-
cleate the PA6 crystallization to MP. The same process, but as
a result of homo nucleation, occurs in the absence of metal
payload.

Table 1 shows that the real load of Ag in the hybrid MP is close
to 19 wt%, that is, almost two times higher than the content of
metal introduced in the reaction medium in respect to the ECL

monomer before AAROP. This observation is explained by the
polymerization yield of the Ag-MP that is slightly below 50%.
At the same time, the neat PA6 MP displays a degree of conver-
sion to the polymer of 56%. This means that the presence of Ag
nanoparticles does not hinder or block the anionic polymeriza-
tion process.

The Mv of the empty PA6 MP was found to be 33 100 g mol−1,
which was by 10–15% lower than the values of commercial hy-
drolytic PA6 brands, as Mv was measured at the same condi-
tions. The Mv of the hybrid Ag-containing MP cannot be deter-
mined correctly due to the chemical reaction between the metal
and the sulfuric acid leading to carbonization and precipitation
of the polymer solution. However, it is expected that the molecu-
lar weight of the Ag-loaded MP is similar to that of the empty MP
since the Ag particles do not seem to affect the AAROP mecha-
nism and the ECL conversion significantly.

3.2. Scanning Electron Microscopy Studies of Microparticles

Figure 3 presents information about the Ag-loaded MP as com-
pared to the empty MP. The latter (Figure 3a,b) are present in
the form of aggregates of partially fused PA6 spheroids with typ-
ical diameters of 5–10 μm that form the final particles with aver-
age diameters of 20–30 μm, which is close to previously reported
data.[31] Figure 3b shows that the empty MP are porous, with
a scaffold-like morphology, the pore sizes varying in the 250–
500 nm range. The irregular spherical shape of Ag particles is
observed in micrographs Figure 3c,d, with sizes of about 70–
300 nm. As seen from Figure 3e,f, the morphology of the Ag-
containing MP is rather similar to that of the empty MP, main-
taining a porous and scaffold-like topography with average pore
diameters below 500 nm.

3.3. TGA Properties

Empty and Ag-containing MP, as well as the respective
compression-molded plates, were analyzed by TGA to compare
the RL values and to assess the influence of the metal particles
on the thermal stability of the Ag-loaded materials produced. Fig-
ure 4 displays the weight retention TGA curves and Table S1,
Supporting Information summarizes the numerical data of the
thermal degradation derived from them.

As expected, the RL in the PA6 MP and the respective molded
plate are virtually the same (Table S1, Supporting Information).
The Ag-PA6 MP (Figure 4a) and the respective molded plate (Fig-
ure 4c) display almost identical thermal stability as compared to
the neat PA6 samples. In the empty MP, the temperature of ini-
tial degradation Tin = 302.5 °C, and the maximum degradation
temperature is reached at Tmax = 339.3 °C. With the incorpora-
tion of Ag filler, Tin = 306.7 °C and Tmax = 335.8 °C. Moreover,
in the Ag PL, there are two peaks in their differential TG curves
(Figure 4d; Table S1, Supporting Information) at Tmax = 350.3 and
373.8 °C. This could be related to two degradation events of the
PA6 phase at the Ag-polymer interface and PA6 away from the
metal particles, the volume of both PA6 fractions being similar.
Generally, an easier dissipation of the heat by the well-dispersed
Ag filler particles can be supposed to delay the degradation of
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Figure 3. Selected SEM micrographs of: a,b) empty MP; c,d) neat Ag particles; e,f) Ag-loaded MP.

Figure 4. Weight retention as a function of temperature and respective integral curves of a,b) MP and respective c,d) compression-molded samples in
N2 atmosphere. Black lines—neat PA6; blue lines—PA6/Ag10.
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Figure 5. DSC traces of a–c) MP samples and d–f) respective compression molded plates. Top images: first DSC scans; middle images: recrystallization
from the melt; down images: second DSC scans. Black lines—neat PA6; blue lines—PA6/Ag10.

the composite as compared to the neat PA6 molded plate. There-
fore, in terms of heat resistance, the presence of Ag filler particles
slightly improves the thermal degradation of the PA6 matrix in
either particulate or molded hybrid materials. This is important
since the Ag-containing molded plates will be ablated by laser
scanning.

3.4. DSC Properties

For a better evaluation of the effect of Ag filler on the thermal
behavior of the PA6 matrix, DSC analyses were performed mea-
suring the melting temperature Tm, crystallization temperature
Tc, and glass transition temperature Tg, as well as the degree of
crystallinity, XDSC

c . Figure 5 displays the DSC traces of the MP
samples and the respective compression-molded plates during

the first heating scan, recrystallization, and second heating scan.
All data extracted from the DSC curves are presented in Table S2,
Supporting Information.

The two MP samples display a single melting peak (Figure 5a)
in the first heating scan. The Ag-containing MP shows a melt-
ing temperature at Tm = 207.6 °C (Table S2, Supporting Informa-
tion), and for the neat PA6 MP Tm = 207.3 °C, that is, the Tm in
MP samples is not affected by the presence of the Ag filler. Crys-
tallization from the melt of the neat and Ag-containing MP sam-
ples (Figure 5b; Table S2, Supporting Information), displays al-
most coinciding single crystallization peaks at 158.6 and 157.9 °C,
respectively. Comparing the first (Figure 5a) and the second heat-
ing (Figure 5c) scans of the MP samples, it can be seen that
the main melting peaks are similar remaining between 205 and
209 °C. However, both endotherms during the second heating
scan become broader, less intense, and with a low-temperature
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shoulder. This observation suggests the increased presence of the
lower melting point 𝛾-PA6 polymorph in the recrystallized sam-
ples, coexisting with the predominant 𝛼-PA6 phase found at a
higher temperature.[42]

The DSC traces of the compression-molded plates are shown
in Figure 5d–f, Table S2, Supporting Information. They are anal-
ogous to the DSC traces of the second scan of MP samples
which is expected since the molded plates were prepared by CM
of the respective MP. The broader peaks on the first heating
scan (Figure 5d) indicate the coexistence of the 𝛼- and 𝛾-PA6
polymorphs.[42,43] Concerning the XDSC

c values (Table S2, Sup-
porting Information), the presence of Ag filler induces up to 4%
increase as compared to the neat PA6 samples—either MP or
molded plates.

The data in Table S2, Supporting Information allow a com-
parison between the Tg of the empty and loaded MP obtained
during the 2nd heating scan. The Tg values of the empty and
Ag-containing MP are similar, both close to 39 °C, the difference
being in the margin of the experimental error. After the CM
process, both molded samples show higher Tg values in the
range of 47–48 °C, the difference to the MP samples reaching
9 °C. This indicates that in the powder-like MP samples the
segmental mobility of the macromolecules in the amorphous
domains is higher than in the respective molded plates. Most
probably, this effect can be related to the CM process producing
denser microstructures due to the pressure applied during the
transformation of the MP into molded composites.

3.5. Scanning Electron Microscopy Studies of Composites after
Laser Treatment

In order to interpret and understand the effect of the selected
laser scanning conditions on the Ag-PL composites produced by
CM, SEM analyses were performed. It must be pointed out that
neat PA6 molded plates were not analyzed by SEM since they
were highly sensitive to laser machining parameters. The low
melting and thermal degradation temperatures, as well as the
low thermal diffusivity of PA6, did not allow laser machining
of this sample due to its fast degradation. Therefore, only Ag-
PL samples were investigated after the laser scanning treatment.
Selected SEM micrographs of the laser paths on the Ag-PL sam-
ples with different conditions are shown in Figure 6 a, b, c, d and
Figures S1–S3, Supporting Information. For each condition, the
scanning speed evolution (v= 2 to 16 mm s−1) and energy density
(0.38 to 12 mm2) are indicated.

As can be observed (Figure 6 a, b, c, d; Figures S1–S3, Sup-
porting Information), the Ag nanoparticles are well dispersed in
the polymer matrix in all conditions. The homogenization of the
metal particles within the PA6 matrix is well visible in micro-
graphs a1–d1 (cross-view) for each condition, confirming that the
solution/precipitation AAROP in the presence of Ag filler is a
useful route for the preparation of Ag-containing composites.

Another general conclusion from the SEM study of all samples
is that removal of the superficial polymer layer by laser ablation
was achieved. In general, increasing the n values from 2 (Fig-
ure 6 a-d; Figure S1, Supporting Information) to 4 passes (Fig-
ures S2,S3, Supporting Information) makes the removal of the
surface polymer layer more effective, which leads to an increase

of the Ag particles exposure. For all the conditions, the width of
the path increased with increasing the energy density, because of
the heat-affected zone that becomes more pronounced at higher
energy densities.

Further, it should be noted that the absorption characteristics
of polymers depend on their structure, but it is strongly influ-
enced by the presence of loads or additives.[44] In this case, when
the laser beam is directed onto the surface, the radiation is ab-
sorbed by the metal particles that are dispersed in the polymer
matrix. At the same time, the influence of the processing param-
eters and their effects on the polymer irradiated by Nd: YAG laser
source is complex and it depends on the multiple parameters as-
sociated with the nature of the polymer.[45] The energy provided
by the laser beam induces the heating of the material, reaching
melting or even vaporization temperatures. This way, the top-
most layer of polymer is removed, and the surface topography
is modified, as observed in micrographs a1–d1 and a2–d2 of Fig-
ure 6 and Figures S1–S3, Supporting Information.

The laser power also influences metal particle exposure. From
condition A (P = 6 W, Figure 6; Figure S2, Supporting Informa-
tion) to condition B (P = 1.5 W; Figures S1,S3, Supporting Infor-
mation), the ablation rate was higher as well as the depth of the
laser paths. In micrographs a1–d1 of Figure 6 and Figures S1–S3,
Supporting Information, the effect of laser power on path depth
is visible.

By analyzing the number of passes, the ablation of the poly-
mer matrix was more distinguishable when n = 4 (Figure 6;
Figure S2, Supporting Information). On the one hand, Ag filler
particles become more exposed (micrographs a3–d3 of Figure 6;
Figure S2, Supporting Information), however, this effect can
compromise the aesthetic aspects. On the other hand, if n =
2(Figures S1,S3, Supporting Information) a significant differ-
ence is observed in the appearance of the composites since the
ablation of the polymer layers is less destructive. Although fewer
Ag particles are exposed (micrographs a3–d3 of Figures S1,S3,
Supporting Information), the visual appearance of the speci-
mens was improved, which can be important for some potential
applications.

The scanning speed was the most influential parameter in the
results obtained with the laser scanning experiments performed.
According to micrographs a1–d1 and a2–d2 of Figure 6 and Fig-
ures S1–S3, Supporting Information, the paths become more
pronounced at lower scanning speeds. Thus, a higher polymer
ablation was achieved, as a consequence of the highest energy
densities and laser irradiation time on the sample. Thereby, Ag
particles were more exposed, as verified from micrographs a3–d3
of Figure 6 and Figures S1–S3, Supporting Information. Again,
aesthetic aspects should be considered, since at lower scanning
speeds there is a higher deterioration of the specimens by the
laser beam.

The combination of the effects of lower scanning speeds
(2 and 4 mm s−1) with lower laser power (1.5 W) resulted
in a superior polymer ablation and metal particle exposure
without compromises to the aesthetic aspects of the sample
(micrographs a,b of Figures S1,S3, Supporting Information).
However, from v = 8 to v = 16 mm s−1, at the same laser power
of 1.5 W, less polymer was removed (micrographs c,d of Figures
S1,S3, Supporting Information), as a consequence of the lesser
laser irradiation time on the specimen surface. In this case,
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Figure 6. Selected SEM micrographs of Ag-PL composite after laser scanning treatment by using condition A (6 W laser power) with n = 2. Left (a1, b1,
c1 and d1): cross section view; center (a2, b2, c2 and d2) : top view; right (a3, b3, c3 and d3): magnification of the top view.

fewer Ag particles are exposed, which can negatively affect the
electrical conductivity since metal particle exposure is reduced
(micrographs c,d of Figures S1,S3, Supporting Information). In
contrast, higher laser power (6 W) combined with less scanning
speeds (micrographs a,b of Figure 6; Figure S2, Supporting
Information) results in critical polymer degradation.

Considering all the laser scanning parameters and their effects
as described above, it is evident that further studies on the laser
setup optimization can be made keeping in mind the potential of
these molded composites in electronic applications.

Other aspects can be also observed in the SEM micro-
graphs such as the size of the Ag filler particles after the laser
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Figure 7. Micrographs (on the left) of EDS analysis on Ag-PL samples exposed to laser treatment with P = 6 W and v = 2 mm s−1, varying the number
of scans: a) n = 4, b) n = 2, and respective EDS spectra (on the right) in the Zi sites.

scanning treatment. A considerable increase of the size after
the laser scanning treatment is observed at higher energy den-
sities (micrographs a3–b3, Figure 6; Figures S1–S3, Supporting
Information), because of the thermal effects of the laser beam.
Bearing in mind that the processes of diffusion of particles are
activated by temperature,[46] the results obtained indicate that
there is a movement of Ag particles during the laser treatment.
This means that the temperature increase causes the Ag particles
motion and a consequent contact between them, which leads
to their coalescence, and then larger spherical aggregates are
formed.

Then, the specimens exposed to the most energetic laser scan-
ning conditions (P = 6 W, v = 2 mm s−1, and n = 2 or 4) were an-
alyzed by energy-dispersive X-ray spectroscopy (EDS) to evaluate
the effects of the laser treatment on the oxidation and carboniza-
tion states of the elements in the Ag-PL samples. The results are
summarized in Figure 7 and Table S3, Supporting Information.
On the site Z1 (Figure 7; Table S3, Supporting Information), in
addition to the expected Ag composition, carbon (C) was identi-
fied. The C registered (between 4 and 10 wt%) can be due to the
thermal degradation of the polymer matrix, being higher in the
condition n = 4 (9.67 wt%) where the energy density is higher.
In site Z2 (Figure 7; Table S3, Supporting Information), along
with Ag and C, oxygen (O) was identified. Bearing in mind the
carbonyl groups in the PA6 molecular chains, it is suggested that
the detected O belongs to the polymer matrix. Furthermore, in
the analyzed areas (Z2 in Figure 7), it is visible that the laser beam
did not completely remove the polymer layers, contributing to the
presence of O and C.

Figure 8. XRD patterns of PA6/Ag10 sample before and after laser scan-
ning treatment (at P = 6 W, n = 4). Diffraction peaks are compared with
the powder diffraction file (PDF) of Ag particles detailed in PDF No. 01-
087-0720.

In addition, XRD analyses were performed (Figure 8; Table S4,
Supporting Information) with the samples exposed to the most
severe laser scanning conditions (P = 6 W, v = 2 mm s−1, and
n = 4). As can be seen from the diffraction patterns obtained (Fig-
ure 8), the crystalline phase of the Ag was not affected by the laser
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Figure 9. a) Electrical conductivity and b) energy density as a function of laser scanning speed.

treatment applied to it, which is consistent with the crystalline
structure of Ag particles detailed in the powder diffraction file
(PDF) PDF No.01-087-0720.[47] Since silver oxide is not detected,
it can be suggested that the high temperature resulting from the
laser beam during the surface treatment may cause the decom-
position of possibly formed silver oxide particles.

3.6. Electrical Conductivity

The electrical conductivity (𝜎) was determined for all laser treat-
ment conditions applied on the Ag-PL samples using Equations
(4) and (5). Numerical data are summarized in Table 2 and Figure
9 displays the plots of 𝜎 (Figure 9a) and energy density (Figure 9b)
as a function of the laser scanning speed.

As attested in the previous study on PA6-metal hybrids ob-
tained via microencapsulation,[32] those systems maintain the
electrical insulating properties of the neat PA6 matrix (in the
range of 10−10 to 10−9 S m−1 even if it is used a metal concen-
tration up to by 30 wt%. The Maxwell–Wagner–Sillars interfacial
polarization theory predicts no electrical conduction in a compos-
ite material containing conductive filler particles dispersed in an
insulating matrix at any filler volume fraction.[48] The metal par-
ticles are always enclosed by the insulating matrix, blocking the
free movement of charges to achieve a conductive network.

In this work, by applying a laser treatment, the polymer matrix
was removed in selected paths, exposing the Ag particles as seen
from the SEM studies in Figure 6 and Figures S1–S3, Supporting
Information. For the laser scanning conditions studied, 𝜎 values
in the range of 1.12 to 8.90 S m−1 were measured, meaning that
the Ag particles promote carrier mobility on the ablated surface.

The conductivity of bulk silver is 6.80 × 107 S m−1, meanwhile
semiconductors like pure germanium and silicon exhibit values
of, respectively, 1.67 and 4.35 × 10−4 S m−1.[49] Thus, it can be
assumed that the laser treatment applied in this investigation al-
lowed obtaining thermoplastic composites with semi-conductive
properties. Further, as a consequence of the coalescence mech-
anism and thus the contact between Ag particles, the resulting
carrier flux leads to the formation of a conductive network, pro-
viding an improvement of the electrically conductive properties
of the Ag-PL molded composites. All this is in good agreement
with earlier studies stating that by increasing the particle size of
the metal load, larger contact areas are created, enhancing elec-
trical properties.[50]

As seen from Table 2 and Figure S3a, Supporting Informa-
tion, for all the scanning laser conditions studied, the increase
of the scanning speed leads to a slight decrease in the 𝜎 values.
The laser ablation rate is lower, and the energy density provided
(Figure S3b, Supporting Information) is not enough to remove
the insulating polymer that encloses the Ag particles. This event
is more visible at high scanning speed (16 mm s−1), in specific
when the energy density is lower than 1.5 J mm−2 (micrographs
d3) of Figure 6 and Figures S1,S3, Supporting Information. Al-
though at lower scanning speeds less polymer was removed in
the paths irradiated by the laser beam, a conductive network was
built through the Ag particles as confirmed by the 𝜎 values ob-
tained (Table 2). This fact suggests that at lower energy densities
a suitable compromise can be found between the laser scanning
setup and the aesthetic aspects.

Besides the role of the applied laser treatment to enhance elec-
trical conductivity, these results can be related to the morphology
of the Ag-PL composites (Figure 6; Figures S1–S3, Supporting
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Figure 10. Effect of laser energy density on the electrical properties of the
Ag-PL composites.

Information). It can be verified that the nanometric size of the Ag
particles and their homogeneous distribution within the PA6 ma-
trix contribute significantly to the conducting mechanism. Fur-
ther, the established contacts between the Ag particle lead to tun-
able conductive properties.

Figure 10 summarizes the effect of the energy density of laser
ablation technology on the electrical properties of the Ag-PL com-
posites. As confirmed by the results obtained, by laser ablation
technology it is possible to transform a thermoplastic composite
with resistive properties into a material with selected conductive
paths by using a low-cost and lower environmental technique,
that is, the laser ablation. Thus, by increasing the energy den-
sity, the Ag particles are exposed and based on a phenomenon of
coalescence of the metal particles, a conductive network is estab-
lished, allowing the current transfer across the polymer matrix.

4. Conclusions

A method to produce Ag-containing PA6 composites with elec-
trical conductivity in selected zones activated by scanning laser
treatment is presented. Through a one-step in situ polymeriza-
tion process, MP loaded with Ag particles were synthesized.
Then, molded composites were produced from the Ag-loaded
MP by CM. The combination of a reactive method with a con-
ventional CM process led to the production of composites with
good homogenization of the metal filler and with no functional-
ization needed. Improvement of the thermal stability of the poly-
mer matrix in the presence of the Ag particles was achieved, in-
dicating the possibility to machine the composites by laser scan-
ning treatment. The laser scanning treatment was utilized as the
goal of this work was to produce selectively conductive paths in
insulating composites rather than to transform the whole com-
posite into a conductor. To create these conductive paths, it was
employed an Nd: YAG laser irradiating selected parts of the Ag-
PA6 composite plates. Thus, it was possible to induce electrical
conductivity in specific parts of a thermoplastic composite with
resistive properties by using a low-cost and lower environmental
impact technique, that is, laser ablation. For the laser scanning
conditions studied, electric conductivity values in the range of
1.12 to 8.90 S m−1 were measured in the laser-ablated line pat-

terns. This means that the Ag particles promote charge mobility
on the ablated surface, creating a conductive network. The effect
of laser parameters was evaluated to find a relation between the
exposed Ag particles, the electric conductive properties, and the
aesthetic aspects of the composites. Thus, it was found a suitable
compromise between these features at lower energy densities.

It should be noted that the concept of this study that combines
the microencapsulation strategy for the preparation of thermo-
plastic composites followed by selective laser ablation to create
conductive patterns can be applied not only with Ag but with
other metal particles, that is, with ferromagnetic properties. This
could increase the spectrum of applications of these advanced
materials merging electrical conductivity and magnetic proper-
ties. In this sense, applications of Ag-loaded PA6 composites can
be considered by patterning electroconductive networks wher-
ever it is desirable.
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Supporting Information is available from the Wiley Online Library or from
the author.
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