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ABSTRACT

3D-printing of conductive carbon materials in sensing applications and energy storage
devices has significant potential, however high resistivity of 3D-printed filaments poses
a challenge. Strategies to enhance sensors post printing are time consuming and can
reduce structural integrity. In this work, we investigated the effects different printing
layer thickness and orientation can have on the electron transfer kinetics and resistivity
of conductive materials. The response of these electrodes was investigated by cyclic
voltammetry, electrochemical impedance spectroscopy and imaging. Electrodes
printed with the lowest layer thickness of 0.1 mm in a vertical orientation had the
greatest conductivity. With increasing print layer thickness and printing in a horizontal
orientation, the electrode was more resistive. This work is the first to demonstrate the
significant impact 3D-printing parameters can have on the electron transfer kinetics of
carbon conductive electrodes. The implications of this study are important in defining

the manufacturing process of electrodes for all applications.
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1. Introduction

Three-dimensional (3D) fused filament fabrication (FFF) printing has emerged as an
important manufacturing approach for the development of conductive carbon
materials, mainly in the fields of electronics, sensors and energy storage devices as it
offers flexibility in design and potential that supersedes traditional manufacturing
systems. [1-6] Studies have shown that commercial conductive carbon 3D-printed
filament has poor conductivity. [7-10] To overcome these limitations, varying post-
printing modifications have been utilised in order to enhance the electrical properties
of the 3D-printed material, such as chemical and electrochemical treatment. [11-14]
Although these strategies can effectively enhance the electron transfer kinetics of the
printed electrode, [15] they add an additional time consuming step, which is often

detrimental to the electrode geometry when making small fine prints.

On the other hand, studies that focus on enhancing the conductivity of 3D-printed
devices through the improvement of printing parameters are seldom explored. [16-18]
There are various parameters that govern the properties of the printed artefact.
Studies have shown that anisotropy and orientation of print layers are two factors in
the construct of 3D-printed materials which introduce significant variations in
electrochemical activity. [18] This study aims to understand the influence of print layer
thickness and orientation on the electron transfer kinetics of 3D-printed carbon black

(CB)/polylactic acid (PLA) electrodes

Herein, we utilise cone-shaped CB/PLA electrodes printed with layer thicknesses
varying from 0.1 to 0.4 mm in vertical and horizontal orientation. Electrochemical
characterisation was conducted using voltammetric measurements of two different

redox species, via cyclic voltammetry (CV) and impedance electrochemical



spectroscopy (EIS). Structural integrity of the different layer thicknesses was analysed
through chemical pre-treatment with tetrahydrofuran (THF) while the CB particles
present within the 3D-printing filament were characterized using SEM and particle size
analysis. Our findings show that layer thickness and printing orientation has significant
influence on the electrochemical activity of the printed material and determines the

prevalence of conductive pathways and resistivity within the structure.

2. Experimental

2.1. Fabrication of 3D-printed carbon black/PLA electrodes of varying layer

thickness

For the electrodes, a cone with a 4.5 mm diameter at base and length of 3 mm was
printed using a commercial polylactic acid (PLA) / carbon black (CB) filament
(Protopasta, WA, USA) at varying layer thicknesses in either a horizontal or vertical
orientation (Figure 1). The electrodes were printed on a Wanhao Duplicator 4 with a
0.4 mm brass nozzle at 220°C and a bed temperature of 50 °C at 3600 mm/min. The
layer height was varied from 0.1 to 0.4 mm, with 2 shells (outer perimeter toolpaths)
and 100 % infill density. Two skirt outlines were used to prime the extruder. To
compensate for the filler content of the material, retractions were disabled, and the
extrusion multiplier was set to 1.1. The cone electrodes were placed on top of an
acrylic tube and sealed with Araldite. Connection was achieved by attaching a copper

wire to the electrode using CircuitWorks Conductive (Silver) epoxy.



2.2. Electrochemical characterisation of 3D-printed electrodes

Electrochemical assessments on the 3D-printed cone electrodes were carried out
using a three-electrode system, which consisted of a Ag|AgCl (3 M KCI) reference
electrode, a platinum wire auxiliary electrode and the 3D-printed electrode as the
working electrode. All electrochemical experiments were carried out using a CH
instrument potentiostat/galvanostat CHI 760E (CH instruments, Texas). The
electrochemical characteristics of the 3D-printed electrodes were assessed using the
redox couples of 1 mM hexaammineruthenium(lll) chloride in 1 M KCI and 1 mM
serotonin in Krebs' buffer solution, pH 7.4 (117 mM NaCl, 4.7 mM KClI, 2.5 mM CacClz,
1.2 mM MgClz2, 1.2 mM NaH2PO4, 25 mM NaHCOs and 11 mM glucose). Cyclic
voltammograms were performed with a scan rate of 100 mV/s. Electrochemical
Impedance Spectroscopy (EIS) measurements were performed in a mix of 0.5 mM
potassium ferricyanide and 0.5 mM potassium ferrocyanide in 1 M KCI at a potential
equal to the anodic potential. A frequency range of 100 kHz to 0.01 Hz and an

amplitude of 5 mV were utilised.

2.3. Percentage weight and particle size of CB in filament

To determine the mass composition of the CB present in the CB/PLA filament, samples
of the filament were weighed and placed in 20 mL Tetrahydrofuran (THF). The mixture
was then sonicated for 5 minutes followed by vacuum filtration. Samples were left
overnight to dry and rewashed with THF to ensure all PLA is removed from sample.
The dry sample was then reweighed to calculate the percent composition of CB. To
analyze the particle sizes, present in these samples, the dried samples were washed

a few times in deionized water, followed by sonication in 10 ml of the same to ensure



adequate dispersion. The wet mixture was then run in a Malvern Instruments
Mastersizer (Malvern, UK) with a particle refractive index of 1.416, absorption index of

1.0 and dispersant refractive index of 1.33.

2.4. Scanning electron microscopy (SEM)

The samples were imaged using a Zeiss SIGMA field emission gun SEM equipped
with an Everhart-Thornley detector operating in secondary electron detection mode,
using 5 kV accelerating voltage, a 20 um aperture, and 8.1 mm working distance.
Samples tested were powdered CB prepared as explained above in sample treatment
section, and single layer of CB/PLA printed at layer thickness of 0.2 mm, which was
placed in THF for 30 seconds to erode surface PLA to showcase the presence of CB

aggregates within the filament structure.

2.5. Microscopy

Single layers of CB/PLA printed at layer thickness of 0.1 mm to 0.4 mm were printed
on a Creality Ender Pro 3, with a 0.4 mm steel nozzle at 230 'C and a bed temperature
of 90 C at 3600 mm/min. Two shells (outer perimeter toolpaths) and 100 % infill density
were used and 2 skirt outlines were used to prime the extruder. To compensate for the
filler content of the material, retractions were disabled, and the extrusion multiplier was
set to 1.1. These single layers were placed in THF between 10 — 30 seconds (0.1mm)
and 3-5 minutes (0.4mm) until structural deformities could be seen under a light
microscope. Subsequently, they were imaged to further analyze the structural

deformities formed. Images of vertical and horizontal printed sensors at all different



thicknesses were also obtained and apparent surface area was measured on ImageJ

to determine differences between orientations and print thicknesses.

2.6. 4-point probe measurement of conductivity

4-point probe system (Ossila Ltd, UK) was utilized for all resistivity measurements.
3D-printed sensors were each measured at center of sample (sensor replicates = 4-
5) at different orientations and thicknesses. CB/PLA filament at 10 * 1.75 mm
(replicates = 4) were also tested with probes placed on the center of cylinder axis.
Sheet resistance was measured using script with current at 1 pA. Resistivity was

calculated as the follows: [19]

ReSlStlvlty = 2% T0*sS* T * Fthickness * Fdiameter
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Where resistivity is measured in Q.cm, s is probe spacing (0.1 cm), AV potential
change recorded by 4-pont probe, | is current sourced (1 pA), Finickness is thickness
correction factor from table based on length and width (CB/PLA filament or sensors),
Fdaiameter iS correction factor for diameter, d is diameter (0.4 cm for sensors and

0.175mm for filament). [19]

2.7. Data analysis

The cyclic voltammetry measurements were analysed for anodic/cathodic peak
potential and current, as well as the difference in the anodic/cathodic peak potential

(AE) obtained from the voltammograms using CHI 760E software. The heterogenous



electron transfer kinetics (HET, k°) were calculated based on the method by Nicholson

as follows.[20]

k=W nk D
2 — (T[*ﬁ* * V)

Where W is dimensionless charge transfer parameter as tabulated by Nicholson [20],
R is gas constant (J K''mol"), T is temperature (K), F is Faraday constant, n is a

number of electrons transfer, D is diffusion coefficient (cm?/s), and v is scan rate (V/s).

Microscopy images were analysed with ImagedJ where surface area was calculated
pre and post treatment in THF for all layer thicknesses. For all measurements, the
data was presented as mean and its associated standard deviation and statistically
compared using one-way ANOVA test and two-way ANOVA, with post hoc tests where

appropriate.

3. Results and discussion

The enhancement of electrochemical activity thought manipulation of 3D-printng
parameters has rarely been studied in comparison to methods such as
electrochemical pre-treatment or chemical pre-treatment which are post-printing
methods. Herein, we study the effects on printing CB/PLA sensors vertically versus

horizontally, at different layer thicknesses ranging from 0.1 — 0.4 mm.

Figure 1 shows the cone shaped electrodes printed in varying layer thicknesses and
orientation. The geometric surface area of electrodes did not significantly vary with
respect to layer thickness and orientation (Figure S1). In the vertical orientation, the
individual print layers were aligned in the direction of electrical connection and solution

8



interface, whilst in the horizontal orientation, the print layers were perpendicular to the
electrical connection and solution interface. Thus, it is important to note here, that for
vertical electrodes, each printed layer is aligned from the electrical connection to the
solution interface such as a forest of layers, whereas the horizontal electrodes are a
stack of printed layers, in which connection must be found between each layer in order

to have successful conductive pathway from electrical connection to the solution

interface.
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Figure 1. Optical microscope side images of 3D-printed CB/PLA electrodes printed in
horizontal and vertical orientations at layer thicknesses between 0.1 to 0.4 mm. Electrical

connection is vertically below the electrodes. Scale bar is 2 mm.

3.1. Electrochemical activity varies with orientation and layer thickness for

outer and inner-sphere redox molecules

Electrochemical characterisation of these electrodes is shown in Figure 2 for outer

sphere redox species hexaamineruthenium (lll) chloride. [21] In the vertical orientation



print, clear voltammetric peaks were observed (Figure 2A, n=4), with significant
reduction in the cathodic peak current (Ipc) in 0.4 mm print layer thickness when
compared to 0.1 and 0.2 mm (Figure 2B, p<0.05, n=4). In addition, there was a
significant increase in peak to peak separation (AE) in 0.3 mm (p<0.01) and 0.4 mm
(p<0.001) when compared to 0.1 mm layer thickness (Figure 2C, n=4). Additionally, a
significant increase in AE in 0.3 mm and 0.4 mm layer thickness was observed when
compared to 0.2 mm (p<0.001). Finally, the AE was significantly greater in 0.4 mm
when compared to 0.3 mm print layer thickness (Figure 2C, p<0.01, n=4).
Voltammograms for horizontally printed electrodes displayed more peak to peak
separation (Figure 2D, n=4). No significant difference in the Ipc (Figure 2E, n=4) and
AE (Figure 2F, n=4) was observed between different layer thickness of horizontally
printed electrodes. However, AE was smaller in electrodes printed vertically at layer

thicknesses between 0.1 to 0.3 mm when compared to horizontal printed electrodes

(p<0.01).
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Figure 2. Voltammetric responses of hexaamineruthenium (lll) chloride. (A) Cyclic
voltammograms in vertical electrodes, where the (B) Ipc and (C) AE from multiple electrodes
of varying layer thickness are shown. (D) Cyclic voltammograms in horizontal electrodes,
where the (E) Ipc and (F) AE from multiple electrodes of varying layer thickness are shown.
Data shown as mean + standard deviation (S.D.), where n=4, *p<0.05, **p<0.01 and
***p<0.001.

Inner-sphere redox molecule, serotonin, [22] was also explored to study differences in
electrochemical behaviour between prints (Figure S2). There was a significant
increase in the anodic current observed on vertically printed electrodes when
compared to horizontal printed electrodes (p<0.05, n=4). The vertical print had a
significant reduction in the anodic peak potential in 0.4 mm when compared to 0.1 mm
(p<0.01), 0.2 mm (p<0.001) and 0.3 mm (p<0.05, n=4, Figure S2B). For the horizontal
print, a significant reduction in the anodic peak current in 0.3 mm (p<0.05) and 0.4 mm
(p<0.01) was seen when compared to 0.1 mm layer thickness (n=4, Figure S2E).
Given the lack of peak definition, the oxidation peak potential was difficult to obtain,
however there was a trend of an increasing oxidation peak potential for larger print
layers in the vertical print. Hence, vertically printed sensors at layer thicknesses 0.1 —

0.2 mm showed enhanced electrochemical activity for both molecules.

3.2. Enhancement of conductivity in vertical orientation and smaller layer

thickness printed electrodes

The electron transfer rate (k°), calculated by the Nicholson method, [20, 23, 24] display
a trend of faster electron transfer kinetics for vertically printed electrodes at print layer

thickness of 0.1-0.2 mm, with the 0.4 mm vertical electrodes showing similar kinetics

11



to the horizontal printed electrodes of 0.1-0.2 mm (Figure 3A). Furthermore, there was
a significant decrease in k° between vertical and horizontal electrodes for all printed
orientations except 0.4 mm (p<0.001, n=4). There was also a significant decrease in
the k° in both horizontal and vertical electrodes with increasing print layer thickness,
where vertically 0.2 mm print (p<0.01) had a significantly higher k° than 0.1 mm but
0.3 — 0.4 mm prints had a significantly lower k° than 0.1 — 0.2 mm prints (p<0.001).
The 0.4 mm print was significantly lower than 0.3 mm (p<0.01). Horizontally, no
significant difference was seen in the electron transfer kinetics. The k® was smaller in
lower print thickness than in higher print thicknesses or horizontally printed electrodes,
which indicate more conductive pathways and hence faster electron kinetics in vertical

versus horizontal orientation at smaller prints.

Using 4-point probe measurement for resistivity (Figure 3B), the 0.1 mm (p<0.01, n=4),
0.2 mm and 0.4 mm prints (0.001, n=5) are all less resistive in the vertical prints when
compared to horizontal prints. Vertically, increasing layer thickness also displayed a
similar trend where 0.3 mm (p<0.05, n=5), and 0.4 mm prints (p<0.001, n=5) were
more resistive than 0.1 — 0.2 mm prints. Horizontally, 0.1 mm print was less resistive
than 0.2 mm (p<0.01, n=4) and 0.4 mm prints (p<0.001, n=5), whilst the 0.3 mm print

was less resistive than both 0.2 and 0.4 mm prints (p<0.001, n=4).

For semi-infinite 3D-bulk material such as our sensors, a 4-point probe sources current
spherically from the middle probes. For larger print thicknesses, the larger resistivity
found in both vertical and horizontal prints could denote a less structured conductive
pathway that the current can flow through, with PLA between the CB particles possibly
increasing resistivity. Similarly, the horizontal prints, display higher resistivity than their
vertical counterparts, suggestive of poor distribution of conductive materials within

composite. [25] As the filament is extruded, the CB particles are compacted and more

12



ordered in thinner layers, creating a greater probability for additional conductive routes
in vertical prints. As the layer thickness increases, the position of the CB particles can
be less ordered within a single print layer, thus resulting in reduced conductive
pathways. Horizontally, conductive pathways need to occur between each print layer
and therefore point-to-point conductive contact between print layers seems more likely
in 0.1 mm print layer thickness where CB particles are more ordered due to geometric
constraints. Furthermore, this high resistivity is also likely to be a result of the voids
that form between printed layers during the FFF printing process, which has been
shown to increase in number at larger layer thicknesses. [26-30] These air-filled voids
decrease the surface area of point-to-point contact necessary for the formation of
successful conductive pathways thus increasing the resistivity at higher prints and in

horizontal orientation of print.
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Figure 3. (A) Mean heterogeneous electron transfer (k°) constants from the electrodes
printed at varying layer thickness in either vertical or horizontal orientation (n=4). (B) 4-point
resistivity measurements for sensors printed at varying layer thickness in either vertical or
horizontal orientation (n=4-5. Data shown as mean * standard deviation (S.D.), *p<0.05,
**p<0.01 and ***p<0.001.
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Electrochemical impedance was utilised to understand the internalised structure of the
printed electrode using a potassium ferric/ferrocyanide mixture as is standard for these
measurements.[31-33] From the Nyquist plots for electrodes printed at varying layer
thicknesses in vertical (figure 4A) and horizontal (figure 4D) orientation, the interfacial
charge-transfer resistance (Rct) and uncompensated solution resistance (Rs) was
obtained. There was a significantly decreased Rt in vertically printed electrodes when
compared to the horizontal (p<0.01, n=4), which supports our previously published
findings, which observed reduced Rct in the vertical direction of single print layers in
comparison to the horizontal direction of 3D-printed CB/ABS electrodes. [18] Figure
4B shows that there is a significantly larger Rct in the vertical 0.4 mm print layer
thickness when compared to 0.1 mm (p<0.01), 0.2 mm (p<0.001) and 0.3 mm (p<0.01)
electrodes (n=4). There was no difference in the Rs in all vertical electrodes of varying
print layer thickness. Figure 4E shows that there is a signficantly greater Rct in the
hortizonal 0.4 mm printed electrodes in comparison to the 0.1 mm electrodes (p<0.05,
n=4). In addition, there is a signficantly greater Rs in the horizontal 0.4 mm print
thickness electrode when compared to 0.1 mm thickness electrode (p<0.01, n=4,

figure 4F).

Results from impedance studies futher support the observed voltammetric responses
and resultant values of k° in indicating that 3D-printing of small layer thickneses
assessed in a vertical electrode provided the greatest degree of conductive pathways.
This ordered conductive stucture diminishes with increasing layer thickness and if the
electrode is printed in a horizontal orientation. This difference in vertical and
horiozontal prints is mainly a result of the orientation of print to the the orientation of
electrical connection. In vertical electrodes, which are parallel to the electrical

connection and solution interface, each print layer acts as an individual electrode, and

14



the resultant electrode is like a forest of individual printed strands. The presence of
voids between the vertically printed strands in such a structure will be of minimum
effect, as the need for connections between the layers is not essential for
establishment of conductive pathways. However, within the horizontal print, where
point-to-point contact needs to be made between the printed layers to achieve
conductive pathways there was a reduced conductivity with increased print layer
thickness. In this instance, the presence of air voids play a significant concentrtion in

causing an increase in Rctat horizontal prints, and more so at the larger prints.
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Figure 4. Determination of solution and charge transfer resistance. (A) Nyquist
representations of the impedance spectra at ~0.6 V vs Ag|AgCl in 10 mM of
Ks[Fe(CN)e)/Ks[Fe(CN)g] in 1 M KCI for vertically printed electrodes. The measurements were
made at a frequency range from 100 kHz to 0.1 Hz with a modulation amplitude of 5 mV. (B)
shows a comparison of the charge transfer resistance (Rct), and (C) uncompensated solution
resistance (Rs) for vertically printed electrodes. (D) Nyquist representations for horizontally
printed electrodes. (E) Rct and (C) Rs for horizontally printed electrodes. Data are shown as
mean + S.D., n =4, *p < 0.05, **p<0.01 and ***p < 0.001.
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3.3. Internalized structure and arrangement of CB/PLA particles determines

success in formation of conductive pathways

We investigated the composition of the CB filament in order to understand the potential
structure of the 3D-printed carbon composite electrode. The outer layer of the PLA
was etched off using treatment with THF, where clear aggregation of CB particles was
observed (Figure 5A). These findings are similar to other studies who have explored
the structure of conductive carbon 3D printable filaments. [34, 35] The conductive
filament was dissolved in THF to remove PLA [36] and the resultant filtrate indicated
that 53 £ 7 % (n=10) of CB by mass (23 — 30 % by volume) was present in the filament.
The particle size distribution of CB was subsequently studied using SEM and a
Mastersizer. Figure 5B and C shows a wide distribution of particle sizes present in the
filament ranging from fine particles at 5 ym to aggregations around 400 pm.
Aggregations of particles were like those observed in the filament. The particle size
analysis (Figure 5D) further showed a similar distribution, where the median particle

size by volume was 224 + 132 ym (n=8).

Given that half the filament by mass contained CB particles, the structuring of this
conductive component was explored by removing the PLA using THF from a single
print layer (where the time of treatment was normalised by the print layer mass and
change in surface area was monitored by image analysis as shown in Figure S3). In
the different print layer thicknesses, the amount of PLA lost during THF treatment was
not significantly different (Figure 5E), but significantly less than total composition of
PLA. This suggest our treatment removed surface layers of PLA. The 0.4 mm print
layer shows cracks and crevices after treatment with THF due to PLA removal,
showcasing the harsh nature of chemical pre-treatment on preservation of structural

geometry. The 0.1 mm layer seems to hold its structural integrity, where PLA seems
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to be equally eroded off the outer surface of the print (Figure 5F). The small distortion
in the printed line seen in the 0.1 mm specimens can be attributed to the over extrusion
that occurs when printing layer heights are less than half the nozzle diameter. Thus,
for the 0.4 mm nozzle diameter used, a small distortion is expected when printing 0.1
mm, but thus far this has not shown any drawbacks on the conductivity of the specimen

used as displayed in the experiments above.
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Figure 5. Investigation of the properties of the conductive carbon filament (A) Representative

SEM image of THF treated filament showing the aggregation of CB particles. Scale bar is 20
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um. (B) Representative SEM images of CB particles after dissolution of the filament in THF.
Scale bar is 100 ym. (C) Zoomed in image of aggregated CB particles from the dissolved
filament. Scale bar is 5 ym. (D) Mean particle size analysis of powdered CB, n = 8. (E) % loss
in surface area for 0.1 — 0.4 mm layer thickness. (F) Two replicates of 0.1 mm and 0.4 mm
pre and post THF treatment (n = 6 - 8) Insets show deformities in 0.4 mm after treatment. Data

are shown as mean + S.D., n = 6 — 8. Data are shown as mean + S.D.

Based on all our findings, we hypothesise that 3D-printing at a vertical orientation at
lower print layer heights results in electrodes with the fastest electron transfer kinetics
and lowest charge transfer resistance. This is due to a combination of different reasons
that are represented in Figure 6. Firstly, the air voids that form between filaments
during the FFF printing process causes more resistance, where the size of these air
voids are bigger in larger print layers. This increases resistivity as well as reduces the
surface area of point-to-point contact which is critical for horizontal prints to have
complete conductive pathways from electrical contact to solution interface. In vertical
prints, conductive pathways can be achieved within individual print layers, which are
all capable of doing singular connections from electrical contact to solution interface.

Therefore, the effect of air voids is less problematic in vertical prints (Figure 6).

Second, due to the higher density of the CB particles in comparison to the PLA, it is
probable that during the heated printing process, the denser CB will arrange
themselves more towards the centre, pushing the less dense PLA to the sides. These
benefit the vertical orientation as conductive pathways are parallel to the direction of
electrical connection and formed in a more ordered and compact structure in the lower
print thicknesses, as can be seen from the schematic in Figure 6. These compact
particles at 0.1 mm print layer thickness will also have a higher probability of forming

horizontal conductive pathways between the printed layers. On the other hand, in the
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0.4 mm print layer thickness, there is scope for more random structuring of the CB
particles, which will reduce the probability of forming successful pathways between
the layers, or within the layer itself. Hence, a 0.4 mm layer will significantly less vertical
conductive pathways formed in comparison to four 0.1 mm layers, which thus explains
the facilitated electron transfer kinetics and improved interfacial charge-transfer

resistance in the lower printing layers.
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Figure 6. Schematic displaying the differences in the horizontal and vertical prints of 0.1 and

0.4 mm and the different conductive pathways formed in consecutive print layers.

4. Conclusions

We have shown that 3D-printing parameters can have a significant influence on the
electron transfer kinetics of 3D-printed CB/PLA electrodes. Within our study, we have
shown that with increasing print layer thickness, there is a reduction in conductivity of
the material, which is further reduced if the print is in a horizontal rather than vertical
orientation. Our study highlights the important influence that 3D printing parameters
have on electron transfer kinetics and therefore provides key insight into the
fundamental influence of such factors when designing and fabricating electrodes for

electrochemical sensing and electronic applications.
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ToC Entry

0.1 mm layer thickness

Conductive pathways

0.4 mm layer thickness
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. .. Distinction between print
layers

* Conductive pathways

Electron transfer in 3D-printed electrodes: 3d-printed electrodes are printed in vertical and

horizontal orientation with thickness ranging from 0.1 — 0.4 mm. Electron transfer kinetics are

enhanced in vertical orientation at lower print layer thickness due to the formation of less air

voids and more conductive pathways.
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