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Abstract: Fused deposition modeling (FDM) printing has become increasingly popular for
exploring advanced material matrices with a polymeric base. This study uses a low-energy
method to investigate the metallization process on a surface created by 3D printing. This
involves using an acrylic-paint-based solution to disperse the copper (Cu) powder on
a polylactic acid (PLA) substrate, allowing for an evaluation of the fabricated samples’
mechanical, morphological, absorbance, and capacitance properties. The study findings
indicate a gradual increase in tensile strength as the content of Cu in the acrylic paint
layer on the PLA substrate increases. There was a clear and consistent increase in the
tensile strength of the specimen, ranging from 13.5 MPa (sample 1) to 15.6 MPa (sample 5).
Similarly, the percentage of strain at failure also showed a noticeable increase, ranging
from 4.2% (sample 1) to 8.6% (sample 5). The scanning electron microscopy (SEM) investi-
gation revealed the presence of completely enveloped Cu particles in acrylic paint on the
FDM-printed surface of the PLA. The Ultraviolet–Visible Diffuse Reflectance Spectroscopy
(UV–Vis DRS) indicated a significant change in the absorbance pattern as the copper content
in the layer increased. The augmented absorbance values serve as an advantage because
they demonstrate enhanced UV light interaction, which correlates with the increase in
capacitance measurements of 6 to 8 pF. This result suggests that the fabricated sample
potentially leads to favorable alterations in material characteristics for applications that
demand stable capacitance alongside improved mechanical properties. The SEM analysis
supported the observed trends.

Keywords: 3D printing; material characterization; composite fabrication; UTM testing;
SEM analysis

1. Introduction
The manufacturing of lightweight composite materials and structures with enhanced

mechanical performance is a key focus in research and development, utilizing advanced
methods like automated fabrication and 3D printing [1]. Additive manufacturing (AM)
and 3D printing are recognized as sustainable methods that minimize waste and offer cost-
effectiveness, along with design flexibility for complex structures, although further research
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is needed for product optimization [2–5]. To enhance the mechanical, morphological,
thermal, and other properties of 3D-printed components, fused deposition modeling
(FDM), a prominent AM technique, has explored various material and process factors [6].
However, FDM faces challenges in material compatibility and processing, which have
been partially addressed by integrating post-processing techniques over the last five years,
improving attributes such as surface smoothness, thermal and chemical stability, and
electrical conductivity of polymeric substrates.

Vinay et al. [7] reported that reinforcing PLA with 10–20 wt% aluminum (Al) powder
improved tensile strength and hardness by 57% and 28.5%, respectively, although ductility
decreased. A tensile strength of 31.20 MPa was achieved with 20 wt% Al, surpassing virgin
PLA’s 21.30 MPa. Fijol et al. [8] found polysaccharide nanofiber composites to be 54%
more effective than pure PLA filters in micro-plastic removal and effective in metal ion ad-
sorption. Sadeghian et al. [9] analyzed Cu-reinforced PLA, noting a 15.9% tensile strength
increase in flat orientation. Hasanzadeh et al. [10] indicated reduced mechanical strength
and ductility with Al particles. Kam et al. [11] studied PLA/20%Cu and PLA/20%Bronze
for vibration damping, finding Cu reinforcement most effective in reducing vibration ampli-
tude. Petousis et al. [12] incorporated 4.2 wt% titanium nitride (TiN) into a polylactic acid
(PLA) matrix, achieving a 51% increase in flexural strength and a 43% rise in tensile strength.
Yelamanchi et al. [13] studied fiber metal laminates with aluminum alloy, reporting a 9–13%
enhancement in fracture strength. Raichur et al. [14] investigated PLA reinforced with
10 wt% nano clay, finding reduced wear due to improved shear friction properties. Man-
sour et al. [15] enhanced PLA strength using nano diamonds (NDs) and carbon fiber (CF),
with PLA/ND showing an elastic modulus of 6250 MPa, significantly higher than virgin
PLA’s 2684 MPa, and a 106% increase in vibration damping. Fijot et al. [16] evaluated a
PLA/TCNF substrate with SU-101 metal organic framework (MOF) for water treatment,
demonstrating an improved filtering performance and a Young’s modulus increase to
1200 MPa.

Paz-Gonzalez et al. [17] studied PLA/CF composites for bone replacement, achieving
a tensile strength of 238 MPa and 80% cell viability, comparable to bone strength. Ambrus
et al. [18] examined FDM parameters for PLA/Cu filaments, noting a peak tensile stress
of 9.32 MPa in horizontally built objects. Bodaghi et al. [19] added E-glass fibers to ABS
to enhance wear resistance in gears, resulting in improved thermomechanical properties.
Mohammadi-Zerankeshi and Alizadeh [20] explored the effects of magnesium (Mg) in
PLA/graphene composites, finding a mechanical strength increase to 50 MPa from 42 MPa
and a transformation to a hydrophilic surface. Sharif et al. [21] developed a method for Cu
plating on polymer substrates via electroless plating, which led to a significant reduction in
PLA’s mechanical properties, with tensile strength dropping to 65%, while tensile modulus
increased by 63%, and elongation at break improved by 25%.

Kumar et al. [22] investigated steel-coated PLA samples using electric arc spray,
recommending a 100 µm thickness for optimal mechanical properties, achieving a tensile
strength of 29 MPa, corrosion rate of 0.055 mm/year, and wear rate of 0.11. Moraczewski
et al. [23] explored electroless copper plating on PLA pre-coated with tannic acid and
polydopamine, enhancing the electrical properties by reducing surface resistivity from
1011–1014 Ω to 104–105 Ω. Inclán-Sánchez [24] assessed a 3D-printed antenna using a
substrate-free metal mesh, modified with conductive paint. Aziz et al. [25] reviewed
various studies on 3D FDM printing for antennas across disciplines, including SATCOM.
Farajian et al. [26] analyzed PU/MWCNT coatings on PLA, noting an increase in tensile
strength from 30 MPa to 40 MPa in typical environments but a decrease to 28 MPa after
30 days in an NaCl corrosive environment. Ekonomou et al. [27] studied the antibacterial
effects of Silver (Ag) and Copper (Cu) coatings on PLA and TPU, finding that these coatings
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enhanced hydrophobicity and reduced bacterial colonization. Moradi et al. [28] explored
iron-filled PLA in 4D printing, revealing that samples printed with a magnet beneath the
surface achieved a 63.5% increase in magnetization and a maximum tensile stress of 14 MPa.
Sukindar et al. [29] focused on the surface roughness of PLA-Al feedstock, noting that the
FDM process maintained dimensional stability with only a 5% deviation. Alzyod et al. [30]
investigated ironing as a post-processing technique, achieving a significant reduction in
surface roughness from 8–10 Ra to 1–1.5 Ra for PLA samples, influenced by factors like
path speed and flow rate. Amin et al. [31] examined chemical etching of PLA to create
superhydrophobic surfaces, utilizing pyramid structures and the staircase effect from
FDM printing.

Scope for the Present Work

It appears from the literature survey that PLA can be fused with a variety of metallic
and non-metallic materials with the assistance of aluminum powder, copper, titanium
nitride, carbon fiber, graphene–magnesium, and polysaccharide nanofibers to enhance
several properties of PLA—mainly tensile strength, flexural strength, hardness, thermal
stability, and electrical conductivity. For instance, works by Vinay et al. [7] and Kam
et al. [11] established improvements in mechanical performance characteristics of the
PLA reinforced with aluminum and copper, whereas these by Mansour et al. [15] and
Sadeghian et al. [9] advanced the mechanical features of PLA through carbon fiber and
copper reinforcement. Moreover, investigations carried out by Petousis et al. [12] and
Moradi et al. [28] brought to relief an appreciable improvement in electrical conductivity
and antibacterial activity of PLA using materials like titanium nitride and copper. Studies
conducted by Raichur et al. [14] and Sharif et al. [21] have stressed the significance of
nanomaterials plus metallic reinforcements concerning the tribological and wear resistance
features of PLA. Even though there exists copious literature on the reinforcement of PLA,
there are not many papers on metallization methods that do not imply the use of high-
energy techniques or hazardous chemicals. This study aims to fill this gap by conducting
further work on low-energy and environmentally friendly metallization of PLA surfaces
through functionalizing copper powder with acrylic paint residue binder. The intent is to
report the mechanical, morphological, and electrical properties of PLA while keeping the
energy expense low and environmentally friendly during metallization, typically avoiding
excess chemical treatments or high-energy input required.

2. Materials and Methods
2.1. Material Selection and Sample Preparation

For the preparation of samples, commercial feedstock filament of PLA was purchased
from Dream Polymer Group, Gujarat, India. The copper nano powder of 325 mesh size
was procured from AUM industry, Gujrat, India. Similarly, acrylic paint (Make: PIDILITE
Industries Limited; Maharashtra, India; acrylic color: white) was purchased through local
vendor Ahuja paint shop, Patiala, Punjab, India. In the first stage, samples of ASTM
D638 Type IV for mechanical UTM testing, a rectangular specimen of 15 × 15 mm2 size
for conductivity and UV–Vis diffuse reflectance spectroscopy testing (UV–Vis DRS) was
FDM-printed using the standard printing procedure with the settings given in Table 1.
Figure 1 shows the workflow/methodology for the current research investigation.
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Table 1. FDM printing standard settings.

Machine Parameters Value

Base temperature 65 ◦C
Nozzle temperature 210 ◦C

Infill percentage 10%
Number of layers 4
Infill orientation 45 degrees

Infill pattern LinearProcesses 2025, 13, x FOR PEER REVIEW 4 of 15 
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Figure 1. Selected workflow for the current research investigation.

Figure 2 shows the samples of PLA: (a) sliced image for tensile sample; (b) ten-
sile sample printed with ASTM D638 Type IV standard size; (c) Cu-coated sample; and
(d) 15 × 15 mm samples of PLA coated with Cu powder for UV–Vis DRS and conductivity
testing. In this study, 5 samples were printed (3 repetitions for each sample for standard
deviation calculation) with the standard printing procedure as given in Table 1. Follow-
ing FDM printing operations, PLA samples received surface applications of acrylic paint
containing five distinct Cu ratios (5 wt%, 10 wt%, 15 wt%, 20 wt%, and 25 wt%), which
then dried under ambient room temperature conditions. The preparation of each sample
coating involved the use of 50 mL of acrylic paint. This study focused on exploring the Cu
content from 5 to 25 wt%, because adding Cu powder into a fixed 50 mL volume of acrylic
paint proved practically difficult beyond this range. Trial after trial showed that Cu content
above 25 wt% did not disperse well and increased viscosity, making it rather challenging to
achieve uniform mixing.
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2.2. Mechanical Testing

Once the samples were ready for testing, the UTM machine for the tensile testing
procedure, especially the ASTM D638 Type IV standard, was followed. The samples were
tested at a constant deformation rate of 10 mm/min with a 5 KN capacity of the UTM
machine (Make: Zwick Roell, Ulm, Germany). After mechanical testing reports for tensile
stress, strain, and elongation at break were exported from the inbuilt software testXpert
II version V3.6 of the UTM machine for further analysis, a procedure that has also been
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practiced in previous studies [32,33]. The broken samples were photographed so that
observations could be made on the type of failure near the failure region. Figure 3 shows
the UTM testing setup with the fixed sample in the grip.
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2.3. SEM Analysis

The UTM-tested samples were further investigated under SEM using Carl Zeiss
Sigma 500 FEG-SEM) (Make: ZEISS Microscopy; Oberkochen, Germany) for morphological
analysis. The region near the PLA and acrylic/Cu-painted surface was subjected to SEM
for a better understanding of the interface for its bonding and fracture phenomenon. For
the fracture surface analysis, SEM microscopic images were captured with 200×, 500×,
and 750× magnifications.

2.4. UV–Vis Diffuse Reflectance Spectroscopy

The 3D-printed and surface-coated samples of PLA/acrylic–Cu samples were sub-
jected to UV–Vis DRS (make: Shimadzu; model: UV2600; Kyoto, Japan) analysis so that the
sample absorbance and reflectance in the form of scattered IR energy could be analyzed. The
samples were subjected to UV–Vis DRS analysis in the region of 200–800 nm wavelength.

2.5. Electrical Property Testing

The PLA samples were surface-coated with acrylic–Cu solution by using the low-
energy technique of brush coating. Therefore, it was required to measure the electrical
properties, such as capacitance and dissipation, and the dielectric constant of the material
surface. For the dielectric constant and capacitance range analysis, a standard testing
method was used. The testing machine consisted of a digital microcontroller-based capaci-
tance meter capable of capacitance detection in the range of 01–6000 pF.
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3. Results and Discussion
3.1. UTM Results and Discussion

The specimen, which went through to ASTM D638 Type IV testing, yielded noteworthy
findings. Figure 4a shows the stress vs. strain graph for samples 1 and 5, the observed
pattern for the mechanically tested samples of surface-coated PLA/acrylic–Cu specimens.
The graph depicted the significant rise of tensile strength for the increasing content of Cu
in the acrylic paint layer on the PLA substrate. The rise in tensile strength of the specimen
was observed to be gradual and linear from 13.5 MPa (sample 1) to 15.6 MPa (sample 5),
whereas the percentage of strain at failure ranges from 4.2% (sample 1) to 8.6% (sample 5).
The data points show a clear linear correlation between tensile strength and percentage Cu
in acrylic paint layer, as evidenced by the trend line fitted through the data with the model
R2 value close to 98.56. The regression line has a positive gradient, indicating that there
is a tendency for the tensile strength to grow as the percentage strain at failure increases.
The observed rise in tensile strength appears to be uniform across all the data points. The
data set represents the mean values for each sample, as three samples were tested for each
setting for accuracy of experimentation.
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The observed phenomenon wherein the tensile strength and percentage of strain at
failure of the PLA/acrylic–Cu composite exhibit a positive correlation with percentage Cu
in the acrylic paint layer is likely attributed to the surface coating present on the sample.
Surface coatings are commonly employed to augment mechanical properties, particularly
tensile strength, by furnishing supplementary structural reinforcement and shielding
against external perturbations. Moreover, the surface coating may enhance interfacial
adhesion between the polymer matrix and the reinforcing material (acrylic–Cu), thereby
enhancing load transfer efficacy and mechanical characteristics, notably tensile strength.
As the Cu content increases, the material might exhibit increased ductility, allowing the
coated layer to deform more before failure.

When the specimen was reinforced with metallic particles in a polymeric matrix, prior
investigations demonstrated that the specimen’s mechanical strength was reduced in some
cases [18,21,22]. Therefore, the current method of metallization has the potential to mitigate
the decrease in the mechanical performance of polymeric samples when they are employed
in conjunction with metallic fillers. Figure 4b,c show the damaged sample under UTM
testing, which clearly shows the ductile nature of the acrylic–Cu surface coating as the
sample was broken from the middle of the specimen, but the outer surface coating held the
sample till the breakage of the outer surface layer of the acrylic–Cu layer. This may be the
reason for the enhanced strain values of PLA/acrylic–Cu-coated samples.

Compared to traditional polymer-metal composites, the current fabrication method
using an acrylic–Cu coating mitigates potential reductions in mechanical performance often
seen with Cu-based metallic fillers in a polymeric matrix [10,18,21], ensuring better load
transfer efficiency and structural integrity. This makes the material a promising candidate
for structural applications requiring a balance between strength, flexibility, and durability.
In comparison to existing polymer–metallic hybrid materials, the fabricated samples offer a
novel approach by utilizing a surface-coating method instead of bulk metallic reinforcement,
thereby preserving the lightweight nature of the polymer while enhancing its mechanical
and optical performance.
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3.2. Morphological Results and Discussion
3.2.1. SEM Results and Discussion

The fractured samples of UTM were further subjected to SEM analysis, and three
different magnification ranges were selected for the analysis of the interface and different
regions of the sample. Depicted in the SEM analysis, it is evident that the Cu powder
particles are present in the acrylic–Cu surface-coating layer on PLA, as a clear difference
between the two layers is visible (see Figure 5). From the SEM images, it may be observed
that for the low-Cu-particle reinforced acrylic coating (sample 1: 5 wt% Cu in acrylic paint),
the coating layer was torn out near the interface surface when stretched under the UTM
machine. However, sample 8 (25 wt% Cu particle in acrylic paint) showed low damage near
the interface layer. Similarly, it may also be observed that the Cu particles were densely
distributed in sample 5 compared to sample 1, as there was clear evidence of a difference
in color in the coating layer and a low proportion of Cu particles being observed under
SEM analysis.
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From Figure 5c, it may be observed that the coating layer of acrylic–Cu seems to be
denser in sample 5 compared to sample 1. Samples 1 and 5 held Cu particles, as the presence
of spherical Cu particles is evident in Figure 5; however, the particles were fully covered
and were laminated by acrylic paint. No particle was free and activated on the surface of the
specimen, due to which it may have a low electrical conductivity and dielectric constant.

3.2.2. UV–Vis Diffuse Reflectance Spectroscopy Results and Discussion

When examining the FDM-printed sample of PLA (size 15 × 15 mm) coated with
acrylic–Cu solution at various ratios of Cu (5 wt% to 25 wt%), UV–Vis DRS offers valuable
insights into the impact of copper on the surface’s light absorption and reflection properties.
Researchers have reported the range of absorbance in the 250–150 nm wavelength region
for neat/virgin PLA [34]. Based on the graph, it is evident that sample 1 (5 wt% Cu in
acrylic paint on PLA surface) exhibits a UV–Vis DRS spectrum with a flat absorbance line
in the 400–800 nm range (see Figure 6). There was a sudden increase in absorbance (0.4–1)
observed in the wavelength region of 400 nm to 300 nm. When examining the UV–Vis
spectrum, it becomes apparent that there are only slight variations compared to the pure
PLA surface at this lower concentration of 5 wt% copper. It is possible that the acrylic–Cu
layer could cause some absorption features in the UV region, potentially because of the
presence of acrylic. However, the overall reflectance of the PLA substrate is likely to remain
similar. Additionally, as the concentration of Cu increases, we noticed more significant
alterations in the UV–Vis spectrum. There was an increase in the visibility of the absorption
peaks associated with copper, resulting in a reduction in the reflectance levels across both
the UV and visible regions.

As the level of Cu increased from 10 to 25 wt% (samples 2, 3, 4, and 5) in surface-
coated PLA, there was a noticeable increase in the absorbance of UV rays in the 400–600 nm
wavelength region. This increase was observed to be gradual, going from a level of 0.4 to 0.8.
Following this, samples 2–5 exhibit a significant increase in absorbance (from 0.7 to 1.1)
within the 300–400 nm wavelength range. Sample 5, containing 25 wt% Cu in the acrylic
paint layer, exhibited the largest shift (see Figure 6) in the absorbance pattern compared to
other specimens.
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A systematic and progressive change in the optical response is observed as the cop-
per content increases (10 wt% to 25 wt%). Such observations reveal that the absorption
enhancement from 400–600 nm, together with absorption voraciousness in the 300–400 nm
region, attests that with increased copper concentration, the aforementioned observations
are rather pronounced in the interactions of light and matter at the surface. Copper-based
compounds are generally characterized by strong absorption within the UV and the visible
spectra caused by plasmonic effects, charge-transfer interactions, and intrinsic electronic
transitions. The reduced intensity of reflectance across the above spectral ranges indicates
an increased preference for absorption rather than for reflection, responsible for enhanced
absorption contribution from surfaces. Considerable shifting of absorbance is observed,
more specifically, at 25 wt% Cu (sample 5), which indicates that in light of the surface
coating, there is a much greater degree of optical behavior imparted to the PLA substrate at
that concentration. Increased absorption in the UV and visible ranges implies that with
increased copper inclusion density in the acrylic matrix, light trapping may be enhanced
due to more pronounced scattering and multiple internal reflections formulated in the
coating. This may correlate to the formation of Cu-rich domains in the paint coat layer that
lowers surface reflectance.

The consideration of this analysis has an enormous consequence in various applica-
tions requiring either controlled optical properties for UV protection, light attenuation, or
enhanced absorption in functional coatings. The continuous progression and variation
in copper concentration provide a venue for ameliorating customized surface coatings
pertinent for directed light management applications. Future work regarding the details
of the spectroscopic characterization, such as diffuse reflectance analyses and bandgap
determination to un-wrap the exact influence of copper on the surface optical behavior,
may now be entered.



Processes 2025, 13, 1059 12 of 15

4. Electrical Property Results and Discussion
In order to conduct a thorough analysis of the electrical properties, particularly the

capacitance of the dielectric material created by surface-coating acrylic–Cu on the PLA
substrate, samples measuring 10 × 10 mm2 were meticulously prepared and tested using a
parallel plate setup. The test was conducted with a range of frequencies from 100 Hz to
1 MHz. Table 2 presents the capacitance results obtained for the PLA sample. Based on
the samples, it can be observed that the capacitance of the samples is comparable to that
of standard PLA samples. The capacitance is influenced by factors such as the thickness
of the sample and the overall void fraction within the sample. Some of the studies have
indicated that the capacitance of PLA can be enhanced with foreign fillers as well as with
varying 3D printing parameters [35,36].

Table 2. Capacitance and dissipation values for acrylic–Cu surface-coated PLA substrate.

Sample Capacitance Dissipation

1 6.96 ± 0.42 pF 0.0399 ± 0.02
2 7.80 ± 0.95 pF 0.0626 ± 0.02
3 6.82 ± 0.06 pF 0.0057 ± 0.01
4 7.40 ± 0.33 pF 0.0720 ± 0.06
5 5.70 ± 0.23 pF 0.1316 ± 0.07

Pure PLA 3.59 ± 0.14 pF 0.0451 ± 0.03

It is important to mention that in the current study, the acrylic paint completely covered
the Cu particles, as observed in the SEM analysis. As a result, the electrical capacitance
values are relatively low, although the capacitance values increased up to 7.87 pF for
(10 wt% Cu coating) from 3.6 pF for pure PLA. From the analysis, it may be observed that
the coating results in an average capacitance value of 5–7 pF for the Cu-coated sample,
which shows nearly a 100% increase in capacitance of the Cu-coated PLA samples. Table 2
provides information on the dissipation rate, which is a measure of the efficiency of energy
storage and release in a capacitor. It indicates how effectively the capacitor can store and
release energy without any loss of heat. Based on the dissipation rate, it is evident that
as the Cu content increases, the dissipation value also increases, reaching a maximum of
0.13. The presence of Cu particles increased the capacitance efficiency of PLA, resulting in
a reduction in loss values.

5. Conclusions
This study examines the metallization process on a surface created by 3D printing,

utilizing a low-energy method. This entails utilizing an acrylic-paint-derived solution
to strengthen the copper powder on the surface of a PLA substrate in order to assess
the mechanical, morphological, absorbance, and capacitance characteristics of the created
sample. The following are the observations:

1. From mechanical properties, it may be concluded that there is a significant rise in
tensile strength for the increasing content of Cu in the acrylic paint layer on the PLA
substrate. The rise in tensile strength of the specimen was observed to be gradual and
linear from 13.5 MPa (sample 1) to 15.6 MPa (sample 5), whereas the percentage of
strain at failure ranges from 4.2% (sample 1) to 8.6% (sample 5). The application of a
surface coating on the samples, often employed to improve mechanical characteristics,
can promote the even distribution of stress throughout the material, reducing the
occurrence of localized vulnerabilities and enhancing the overall tensile strength.

2. SEM investigation detected the existence of copper powder particles in the PLA
surface covered with acrylic–Cu. Sample 5, with 25 wt% Cu, showed the presence
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of a dense layer of acrylic–Cu coating compared to sample 1. Furthermore, the
acrylic paint formed a layer around the Cu particle, preventing the presence of any
unbound Cu particles on the surface. This led to a reduced electrical conductivity and
dielectric constant.

3. The UV–Vis DRS spectrum has a consistent absorbance level over the 400–800 nm
range, followed by a sharp rise in absorbance within the 400 nm to 300 nm wavelength
area. As the copper content rises, the absorption of UV radiation in the 400–600 nm
wavelength range also increases, with the most significant change found in sample 5.

4. The capacitance values increased up to 7.87 pF for (10 wt% Cu coating) from 3.6 pF
for pure PLA. From the analysis, it may be concluded that the coating results in an
average capacitance value of 5–7 pF for the Cu-coated sample, which shows nearly a
100% increase in the capacitance of Cu-coated PLA samples.

Future Research

Future researchers could focus on optimizing the coating process to achieve a more
uniform distribution of copper particles on the PLA substrate. Since the acrylic paint
was found to laminate the copper particles, resulting in decreased electrical conductivity,
future research could explore methods to improve the conductivity of the coated surface
by activating the exposed surface. Furthermore, the work may be extended towards
exploration of how variations in coating thickness, copper particle size, and concentration
affect the dielectric constant and loss values of the material.
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