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ABSTRACT

This work is a review of the literature on the possibilities for electroplating of

polymer materials. Methods of metalizing polymers and their composites were

presented and discussed. Information from various publications on the electrical

properties of polymers and polymer composites was collected and discussed.

The most important results on the electroplating of conductive polymers and

conductive composites were presented and compared. This work especially

focuses on the electrical conductivity of polymer materials. The main focus was

the efficiency of metal electrodeposition. Based on the analyzed publications, it

was found that electrically deposited metal layers on conductive polymeric

materials show discontinuity, considerable roughness, and different layer

thickness depending on the distance from the contact electrode. The use of metal

nanoparticles (AgNWs) or nickel nanoparticles (NiNPs) as a filler enables

effective metallization of the polymer composite. Due to the high aspect ratio, it

is possible to lower the percolation threshold with a low filler content in the

polymer matrix. The presented review reveals many of the problems associated

with the effectiveness of the electroplating methods. It indicates the need and

direction for further research and development in the field of electroplating of

polymer materials and modification of their electrical properties.

Introduction

One of the most important groups of materials used

in industry, besides metals and ceramics, are polymer

materials. The rapid development of their

applications results from high resistance to chemical

substances, low density, and easy manufacturing of

products with complex shapes. The initial research

on covering polymeric materials with metal layers

can be dated back to the 1950s when the first elec-

troplating baths were developed to enable the
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application of copper and nickel coatings [1]. His-

torically, the first metallic coatings exhibited poor

adhesion to the polymeric substrates. The discovery

of the poly(acrylonitrile–butadiene–styrene) (ABS)

terpolymer made it possible to achieve a large

increase in the adhesion of metallic coatings. ABS is a

thermoplastic material whose basic phase is acry-

lonitrile-styrene in which the butadiene phase is

dispersed. In this material, selective dissolution of the

dispersed butadiene phase with organic solvents can

take place. The pores formed in this way increase the

contact surface between the substrate and the metal

layer, increasing the interphase adhesion [2].

Metallization of polymer materials was initially

used as a decorative finishing for details, and with

the development of this technology, the range of

applications was broadened [3]. Nowadays, metal-

ized plastics are used also in electronics as printed

circuits, antennas, connectors, as equipment for cars,

airplanes, and ships [4, 5]. Metallization of casing

surfaces is used in electromagnetic (EM) shielding of

electronic devices. A particularly effective method of

reducing the level of the electromagnetic field is the

use of barriers made of materials characterized by

high electrical conductivity. In addition to typical

materials (copper, aluminum, brass, steel) used as

EM screens, polymer composites, polymer

nanocomposites, conductive polymers, or metalized

polymers can also be applied [6–10]. An important

area of application of the metallization of polymer

materials is the MID (Molded Interconnect Devices)

technology. Its technological process can be generally

divided into two stages: injection molding and

application of conductive tracks and solder pads by

selective metallization of the material [11]. MID has

found application, among others, in the rapid proto-

typing technology, which allows the production of

products directly based on CAD data, without the

need for mechanical processing. Such a product can

be molded from a thermoplastic material in additive

manufacturing (2D/3D). Built-in MID, 2D / 3D

technology, switches, resistors, capacitors, printed

circuits, etc., can be electrically connected in various

geometric configurations. This allows electronic

components to be installed in free spaces of devices,

for example inside a car lamp, cockpit, or other cov-

ered technical product. This solution may reduce the

use of structured wiring and reduce control units.

This work is an attempt to find and analyze

available information on the metallization of

polymers and their composites, with emphasis on

electroplating as a method that pollutes the envi-

ronment to a lesser extent than electroless metalliza-

tion, which requires using highly harmful chemicals

in several stages of the process, e.g., formaldehyde

which is a common reducing agent. For economic

reasons, there is a need to simplify the metallization

process. Also for the sake of ecology and human

health, efforts are made to eliminate harmful sensi-

tizing agents. Therefore, it is worth considering why

electroplating methods are not implemented on an

industrial scale and if this situation can be changed.

Introductory, all significant metallization methods of

polymer materials were discussed. A distinction has

been made between conductive polymers (intrinsic

conductors) and conductive polymer composites

(extrinsic conductors). Methods of modifying elec-

trical conductivity are discussed for both intrinsic

and extrinsic polymers. Finally, the results of the

electroplating composites are reviewed and

discussed.

Conventional metallization methods

The problem of metalizing polymers is well known

and described in specialized literature. The conven-

tional polymer material is an insulator and it is not

possible to electroplate it. Technological development

focused on the improvement of chemical and physi-

cal methods. These processes are complicated,

require specialist, expensive equipment, and the

chemicals used in them are often aggressive to the

environment and humans. This chapter is intended to

generally introduce the existing methods of creating

metallic coatings on polymers and to familiarize with

the basic problems that occur in this industry. The

most commonly used in industry polymers that are

metalized can be conventionally divided into three

groups, depending on the maximum temperature

range of their operation. This division is presented in

Table 1.

The knowledge of the working temperatures of

polymers is necessary to select the appropriate

method of metallization. The most common in

industry are electroless methods [4, 5], physical metal

vapor deposition methods (PVD), and chemical

vapor deposition (CVD) where either solid or liquid

precursors are used [12–14]. These methods can be

briefly characterized as follows:
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Electroless method (also known as chemical metal-

lization). A metal deposition involves the flow of

electrons from the more electronegative metal (or a

reducing substance) to the metal ions of the depos-

ited metal. This process takes place in the metalliza-

tion bath without using an external source of power

[15]. Electroless methods can be divided into three

groups [15–17]: deposition by exchange—metals less

noble, more electronegative, replace the more elec-

tropositive, and noble from the solution. Deposition

only takes place in direct contact between the met-

allization bath and the surface. After the entire sur-

face is covered, the process stops; deposition by

chemical reduction—a reduction from the ionic to

metallic state occurs as a result of attaching an

appropriate number of electrons to the metal ion. A

substance that can donate electrons is called a redu-

cer [18] and autocatalytic—is a kind of metal depo-

sition by reduction. The process takes place in a bath

in which metal ions are reduced in the presence of a

catalyst. The reaction takes place when the catalyst is

in direct contact with the bath and occurs only on the

surface of the catalyst, which is the metal that is

coated or deposited on the surface of the polymer

product [19].

The autocatalytic deposition can be used in the

metallization of polymers only if the surface of the

material contains active areas resulting from the

application of the catalyst [20]. The basic and most

frequently used reducing agent in the autocatalytic

metallization process is formaldehyde (CH2O). This

is a technological problem—the reducer is only

effective at high pH levels (pH[ 11), as well as an

environmental problem because it is a highly poi-

sonous agent, causes cancer, and is dangerous to the

environment [21, 22]. Additionally, an aqueous pal-

ladium chloride solution is used during the sensiti-

zation step (PdCl2). To reduce the number of wet

chemicals steps, a one-step procedure has been

developed with the use of a colloidal suspension

containing Pd and Sn—an acidic solution of SnCl2
and PdCl2 [23, 24, 25]. One of the most common

metals deposited on the surface of polymers is cop-

per. Due to the high electrical conductivity of Cu,

autocatalytic copper plating plays an important role

in the industry. The main area of application is in the

electronics industry, production of printed circuits,

integrated circuits as well as semiconducting struc-

tures [20, 26, 27]. The obtained copper layers can be

further processed, by electroplating with other met-

als, such as nickel [23, 24, 25].

PVD methods—The deposited metal is evaporated

from the solid or liquid phase as particles. Then these

particles in gaseous form are transported to and

condensed on the surface of the polymer [24]. These

methods make it possible to use pure metals as

metallization reactants instead of compounds harm-

ful to humans and the environment. The speed of the

deposition process can reach 25 lm/s, while the

thickness can be from one nano- to several millime-

ters [28]. Metallic layers obtained by these methods

are characterized by high purity, good tribological

properties, very high hardness, and high corrosion

resistance [29]. However, the disadvantages of these

methods are difficulties with the repeatability of the

properties for obtained metallic layers, incomplete

coverage of the metalized product in surface holes, as

well as the price of the equipment, used [30]. A very

important process parameter is the adhesion of the

metal layer to the polymer substrate. It largely

depends on the preparation and cleanliness of the

surface of the product. The preparatory process

consists of two main steps: chemical surface prepa-

ration (removal of all kinds of impurities, e.g., fats,

greases) and/or activating the surface layer and

heating it [31].

CVD methods—Metal particles are deposited on the

surface of the product as a result of the chemical

reduction or gas decomposition of a chemical pre-

cursor—a chemical compound that occurs or is

formed in the first stage of the reaction, and which

transforms into another substance in the further

course of the phenomenon. Reactions can be initiated

either thermally, by irradiation, or by plasma treat-

ment [25, 32]. The reactions in CVD methods can be

divided into decomposition, reduction, and chemical

transport reactions [33, 34]. Each of them consists of

many stages. These methods require using high

temperatures, even as high as 1000 �C to initiate and

maintain chemical reactions, hence the scope of

application of this type of method, especially for

polymer materials is limited [24, 31]. The rate of

deposition of the metal layer depends on the tem-

perature and gas pressure at which the process

occurs. The latter parameter plays an important role

in the rate of metal deposition—at low pressures, the

transport of reactants from the gas phase is practi-

cally stopped. On the other hand, the growth rate of

the deposited layer depends mainly on the product
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and the gas temperature. CVD methods require a lot

of money and research on the properties of the pre-

cursors. The simple methods used to determine pre-

cursors’ properties are thermogravimetric analysis

(TG) and differential scanning calorimetry (DSC)

[35–37]. The precursors must be of high chemical

purity so that the resulting metal layers are free from

inclusions of impurities. Therefore, the development

of precursor purification methods such as sublima-

tion, distillation, rectification, chromatography, sub-

limation is frequently applied [25].

Conventional polymers, due to the lack of electrical

conductivity, are not suitable for electroplating.

However, this technique is used as the next step in

the entire coating process. The previously prepared

polymer is subjected to the process of metal deposi-

tion by physical (PVD) or chemical (CVD or electro-

less) methods. Then, a metallic coating is created that

enables a further electroplating process of the

product.

Metallization of conductive polymers

Finding intrinsically conductive polymers opened the

way to research the electroplating of these materials.

This chapter briefly describes the types of intrinsi-

cally conductive polymers, followed by more signif-

icant research results.

Conductive polymers

Conducting polymers, known as ‘‘conjugated poly-

mers,’’ are multi-molecular compounds having a

system of conjugated bonds in the main chain. The

conduction of electrons takes place along the main

polymer chain and is possible due to the presence of

conjugated bonds. The mechanism of conductivity is

related to the presence of an energetic conduction

band resulting from electron delocalization in double

bonds. Electrons can be released from one of the

conjugated double bonds present in the chain. Ele-

ments such as iodine or sodium introduced into the

polymer can donate electrons which, being free

electrons, contribute to higher conductivity. The

application of an external electric field causes the

orderly movement of these electrons. Another group

of conductive polymers is that in which polymers are

compounded with macromolecules containing

groups capable of ionically dissociating—or contain-

ing groups capable of reversible redox reactions.

These reactions involve the exchange of electrons

between the electron-donating species (reducing

agent) and the electron receiving species (oxidant).

Conduction is based on the principle of electron

transfer between redox groups [38, 39].

Conducting polymers most commonly described in

the literature are polyacetylene (PA), polyaniline

(PANi), polypyrrole (PPy), polythiophene (PT),

poly(p-phenylene) (PPP), poly(3,4-ethylene

dioxythiophene) (PEDOT) [40]. Of all the above-

mentioned, the group of conjugated polymers is of

significant interest due to the special conductivity

mechanism and stability in the environment of oxy-

gen and water [41, 40].

Polyacetylene (PAc)—Is a conjugated polymer hav-

ing various properties, including electrical conduc-

tivity (undoped polymer has a conductivity of

10–7 S/cm), photoconductivity, gas permeability, and

others [42–48]. Doped with iodine, chlorine, and

bromine, it has an electrical conductivity 109 times

greater than without these additives. Its exposure to

air changes its properties—from highly elastic they

become brittle and lose their silvery shine. These

changes are also correlated with a decrease of elec-

trical conductivity [49, 50].

Polythiophene (PT)—It belongs to the group of

electrically conductive polymers, which in its pure

grade has a conductivity of 10–9 S/cm, while after

Table 1 Classification of

polymers due to the working

temperature

Maximum working temperature

Under 90 �C 100–140 �C Over 140 �C

ABS,

Polystyrene,

Polyethylene,

Polyamides

Polyvinyl chloride,

Polycarbonate,

Polyimides,

Polyacetals,

Polyesters,

Some hard polyamides

Polysulfides,

Polyetherimides,

Polysulfones,

Liquid crystal polymers,

Fluoro polymers (e.g., Teflon),

Thermosetting epoxy resins
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doping, this value increases to 103 S/cm. It is soluble

in many organic solvents, both doped and undoped

[51, 52]. Apart from good electrical conductivity,

polythiophene shows strong electroluminescence

[53].

Polypyrrole (PPy)—Produced in the process of

electropolymerization or by chemical synthesis, it has

biocompatibility, which enables its application in

various types of biosensors [54, 55]. It can be used for

neural implants, biosensors, and molecular memory

devices that have an amorphous structure [56]. The

electrical conductivity of pure, undoped polypyrrole

is in the range from 10–9 to 10–6 S/cm. Doping with

substances such as AsF5, SbF3, AlCl3, ZrCl5 improves

its conductivity to the level characteristic for metals.

Poly(p–phenylene) (PPP)—has an electrical conduc-

tivity in the range from 102 to 103 S/cm [57, 58]. Its

electrical properties can be further modified by

doping [59]. Polyphenylene derivative—poly(p-phe-

nylene vinyl) shows strong electroluminescent

properties and nonlinear optical properties. When the

source of current is applied, the polymer emits light

(in the range of about 495 to about 589 nm). Thanks

to these properties, it is used in the construction of

OLED (Organic Light-Emitting Diode) displays [58].

Polyaniline (PANi)—is formed as a result of anodic

oxidation of aniline in sulfuric acid [60] and charac-

terizes by high electrical conductivity, simple syn-

thesis, and high stability under atmospheric

conditions [61]. In its pure grade, it reaches a con-

ductivity of up to 104 S/cm [49]. Doped polyaniline

has found applications in varnishes and mixtures

absorbing microwave radiation. It is an excellent

antistatic material, also used in lithium-polymer

batteries as electrodes immersed in an electrolyte

solution. It has electroluminescent properties; hence,

it is used in the production of polymer LEDs and

OLED displays. PANi is also used for the production

of sensors used in biomaterials [62] or as a matrix for

nanocomposites [63, 64].

Poly(3,4-ethylene dioxythiophene) (PEDOT)—Trans-

parent and highly conductive polymer classified to

the electrochromic polymers changing its color due to

the flow of electric current. With proper control of

production conditions, the electrical conductivity of

the PEDOT film can be modified in the range from

1•10–5 to 1•103 S/cm [65]. It was even reported that

this polymer has an electrical conductivity of about

4,6•103 S/cm [66]. It can be applied in the OLED

displays, touch panels, lithium-polymer batteries

(reversible galvanic cells), organic photovoltaic cells,

or as a component for antistatic coatings [58, 65].

Figure 1 shows an overview of the conductivity

ranges of conductive polymers. The lower value in

the bar of each polymer corresponds to the conduc-

tivity value of the unmodified polymer. Similarly, the

higher value on the bar corresponds to the conduc-

tivity of the polymer after modification. These values

were compared with the electrical conductivity of

metals such as copper, gold, and silver. It is clear that,

except PANi, all other polymers have a value of

electrical conductivity several orders of magnitude

lower than the indicated metals in Fig. 1. This means

a real problem with the electroplating of such mate-

rial because the intensity of the current flowing

through the metalizing solution depends precisely on

the electrical conductivity of the electrode to be

deposited. This determines the efficiency and speed

of the coating process. Most important research of

electroplating of intrinsically conductive polymers.

Most important research of electroplating
of intrinsically conductive polymers

Yfantis et al. used PPy as a coating for the metal-

lization of insulators [67]. Samples of ABS and FR4

(glass fiber reinforced epoxy resin) were immersed in

(NH4)2S2O8 solution and then an aqueous pyrrole

solution was added, which caused chemical poly-

merization of pyrrole to polypyrrole on the surface of

ABS and FR4. Then, the samples prepared were

subjected to electroplating deposition in a bath con-

taining copper ions. Results showed that copper was

initially deposited in the surface area where the

sample was connected to the electrode. Further

growth took place faster through the previously

deposited copper than through the PPy layer. It was

found that although the PPy layer had sufficient

electrical conductivity for current deposition, its

value was much lower than that of the copper itself,

thus coating the polymer surface with a metallic layer

was ineffective [67].

Hepel et al. investigated the effect of PPy ion

exchange on the deposition of copper and nickel on

gold electrodes [68]. In this study, the EQCM (Elec-

trochemical Quartz Crystal Microbalance) technique

was used, which enabled monitoring the change in

electrode mass related to deposition or ion exchange

between the surface layer and the electrolyte. Three

types of electrodes were used: a gold electrode
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without a polymer coating, an electrode coated with

undoped PPy, and an electrode coated with a mixture

of PPy and polystyrene sulfonate (PSS). It has been

found that the type and surface properties of the

substrate are of great importance for the initial

deposition process. The PPy layers obtained by elec-

tropolymerization in the presence of ions act like an

anion exchange membrane [69]–a semi-permeable

membrane designed to transport anions (imperme-

able to gases such as oxygen and hydrogen). On the

other hand, the layer constituting the PPy/PSS mix-

ture, in which the PSS anions have been permanently

trapped, acts like a cation-exchange membrane (al-

lowing cations to be transported). A CuSO4 solution

was used in the metallization bath, and metallization

was carried out at different voltages within time

intervals of 30 s. A higher deposition rate of the

copper layer was obtained on the PPy/PSS blend as

compared with neat PPy. As a result of the experi-

ment, 4.9 lg of copper was deposited on the elec-

trode coated with neat PPy, and about 6.6 lg on the

electrode coated with PPy/PSS. It was found that

copper was not only deposited on the surface but also

penetrated inside the pores of the polymer resulting

in the formation of the composite PPy/PSS/Cu sur-

face layer.

In the work of Zouaoui et al., the possibility of

deposition of copper particles on polypyrrole by

electoreductive precipitation from copper complexes

was discussed [70]. Polymer layers (polypyrrole—

alkylammonium) were deposited on the carbon

electrodes. The research was carried out using the

RDE (Rotating Disk Electrode) method, in which a

system of three rotating electrodes is used during the

experiment, inducing a stream of metal ions to the

electrode [71]. This method is also used in the study

of mechanisms related to redox reactions. The

amount of introduced metal was estimated based on

coulometric measurements. The morphology of

polymer layers and the distribution of metal particles

using a scanning electron microscope (SEM) were

also investigated. It was proved in that article that the

nucleation process initially takes place at the interface

between the electrode and the polymer. Then growth

occurs at the surface of the polymer layer. It has also

been shown that the polymer matrix contains well-

dispersed inclusions particles of copper.

Nichols et al. analyzed the initial stages of copper

deposition on the polymer surface [72]. The neat PPy

film of about 35 lm thickness with electrical

conductivity of 150 S/cm was coated with gold as an

electrode. It has been observed that the nucleation of

copper occurs first in places of surface defects, such

as at the edges of the deposited polymer layer. In the

initial stage, the deposition does not occur on the flat

central surface of the sample. The growth of locally

deposited copper agglomerates occurs mainly trans-

versely to the substrate surface and leads to full

coverage of the surface. It has also been shown that

the lower potential is responsible for the growth rate

of the metallic layer—more seeds appear.

The electroplating of copper on thin PEDOT layers

was also a subject of investigation [73]. The electro-

plating experiments were performed in a simple,

single-chamber electrochemical cell containing a

copper foil electrode coated with PEDOT as a work-

ing electrode and a reference electrode. A CuSO4/

H2SO4 solution was used as the electrolyte. The

thickness of the deposited layer was determined

using fluorescence spectroscopy. It was noticed that

the potential in the polymer layer was not constant

but varied along the length of the sample. This

resulted in a decrease in copper deposition rate along

with the increasing distance from the contact with the

electrode. SEM measurements have shown that cop-

per agglomerates are initially formed only in the

vicinity of the electrode. Their further growth is

dendritic and in the final phase, they combine to form

a continuous layer.

Specialist literature in the field of electroplating of

conductive polymers does not contain many items.

This may be because of unsatisfactory research

results. This paper cites the most significant scientific

works that present the problem in a complementary

way. In the works of Yfantis et al. [67], Zouaoui et al.

[70], and De Leeuw et al. [73], similar results were

obtained. The formation of a metallic layer was ini-

tially formed close to the electrical contact. The

effectiveness of metallization decreases with

increasing distance from the electrode contact point.

This is due to the proportional dependence of the

electrical conductivity on the length of the conductive

polymer. The electric current has a higher density

near the electrical contact and the polymer electrode.

Hence, the phenomenon of metallic layer deposition

occurs more effectively in the area of electrical con-

tact and disappears as far away from it. Interesting

work is the paper by Heppel et al. [68]. It presents the

results of PPy metallization and its blend with PPS. It

is interesting that the introduction of a conductive

14886 J Mater Sci (2021) 56:14881–14899



filler, which is PPS, resulted in thicker metallic layers

and the inclusion of copper grains in the polymer

matrix, due to which a new polymer composite with

very good adhesive properties of the metallic layer

was obtained. This thread of research should be

deepened by using other fillers in combination with

PPy. Research by Nichols et al. [72] showed that PPy

metallization is more effective at defective sites, e.g.,

the edges of polymer electrodes. This may be due to

the increased current density flowing through the

irregular fragments of the polymer. Therefore, it can

be concluded from this experience that the mechan-

ical treatment of the polymer electrode surface, for

example, grinding, sandblasting or laser ablation, can

contribute to the local increase in the current density

on the electrode surface, and the coating process will

have fasted and more efficient.

Conductive polymer composites
and applied fillers

Thermoplastic polymer composites are particularly

important in high-volume production. They are a

very good alternative to conventional construction

materials such as steel, aluminum, or titanium. Rel-

atively simple processing reduces the price of the

product and the amount of waste. In addition to the

low price, thermoplastic composites have the fol-

lowing advantages: low specific weight, capacity to

damp vibrations, ease of product shaping, resistance

to corrosion, and high fatigue strength. The disad-

vantages, however, are low-temperature resistance,

strength, and stiffness as compared to the properties

of conventional construction materials [74].

Conductive fillers

Using the electrodeposition method is generally not

possible for thermoplastic polymers. It results from

the electrical insulation of the polymer material. On

the other hand, it is possible to compound polymer

material with conductive fillers to increase conduc-

tivity. The most commonly used conductive fillers are

metal particles, metal fibers, carbon black, graphite,

graphene, carbon nanotubes, and carbon fibers. The

electrical conductivity of that composites depends

mainly on the volume fraction of the conductive filler

and its electrical conductivity. Small particles of the

filler result in large distances between their centers,

which means that the conductivity of the entire

composite is limited to the electrical conductivity of

the polymer matrix (depending on the choice of

matrix material) [75]. Increasing the number of filler

particles reduces the distances between the centers of

these particles until a certain critical value is reached,

at which an abrupt increase in electrical conductivity

is reached. This critical value is called the percolation

threshold—the percentage of filler above which con-

tinuous conductive areas are formed in the composite

matrix. The electrical conductivity can vary by sev-

eral orders of magnitude for small differences in the

filler content. Only when its content is sufficiently

large, numerous conducting areas form a three-di-

mensional network. Then, a further increase in the

volume of the filler does not cause significant changes

in conductivity. In this review, the aspects related to

percolation issues were omitted, on which a detailed

discussion can be found elsewhere [76–79].

Figure 1 Comparison of the electric conductivity range of

conductive polymers and metals (Cu, Au, Ag), data taken from

[42-59], [65].
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Figure 2 summarizes the most commonly used

fillers. It shows the levels of electrical conductivity

and the size of the particles added to the polymer

matrices. The bar graph also includes references to

specialist literature for more detailed information.

Figure 2b shows the size ranges of the filler parti-

cles. The lower value of each bar corresponds to the

minimum value of the particle size, and similarly, the

higher value of the bar corresponds to the maximum

value of the filler particle. In the case of graphene and

graphite, it is difficult to talk about the particle size,

hence the concept of distances between adjacent

atoms in one layer and(*) and distance between lay-

ers (**) was introduced. Similarly, with CNT and

AgNWs—the particle length can be determined—it is

shown as the higher value on the bar, while the lower

value on the bar corresponds to the tube/wire

diameter value(***). These special cases are marked

with markers in the graph.

It is worth paying special attention to graphene

and nanotubes. The addition of these fillers to the

polymer matrices significantly changes the electrical

properties of the polymer composite. Graphene has a

high electrical conductivity of up to 108 S/cm and

allows for high current densities of 108 A/cm2, which

is several times more than in the case of metallic

conductors. This is a very important feature that can

affect the performance and rate of the metallization

process of a polymer composite. Nanotubes are also

used as fillers. Single-walled nanotubes (SWCNT)

have conductive and semiconductor properties,

while multi-walled nanotubes (MWCNT) have con-

ductive properties. When selecting the filler, it is

worth paying attention to the particle size. Fillers

should be used with different scales: millimeters,

micrometers, and nanometers. This will create con-

ductive paths inside the polymer. Also, note the

aspect ratio of the filler particles. The high value of

the aspect ratio is responsible for a significant

reduction in the percolation threshold of the polymer

composite. This allows electroplating at lower filler

percentages.

The electrical conductivity of selected
conductive composites.

Polylactide (PLA) with the addition of carbon nan-

otubes (MWCNT) or carbon black (CB) were inves-

tigated [101]. The fillers were dispersed and mixed in

the polymer solution subjected to ultrasound

treatment. The polymer–solvent was ethylene chlo-

ride or chloroform, which showed good nanotubes

dispersion. The solvent was then removed by filtra-

tion and drying at about 60 �C (for 6 h) to prevent the

aggregation of the filler particles. The samples were

then pressed at a temperature of about 180 �C. Their

electrical conductivity was greater than 10–6 S/m.

The measurement was made using the four-probe

electrode methods. The percolation threshold for the

composite using nanotubes was 0.25 wt.%, while for

CB it was 2.48 wt.%. The electric conductivity value

for the composite containing CNT was 100 times

higher than for that containing CB and was 5•10–2 S/

cm. The cause of this difference can be the aspect

ratio, which is over 1000 for CNT as compared to CB.

Composites with polymer matrices of low-density

polyethylene (PE-LD), polypropylene (PP), and

polystyrene (PS) as well as CB as a filler were also

investigated [106]. Toluene, benzene, and xylene

were used as solvents. Composites were obtained

from concentrates containing 20 wt.% of the filler.

The components of the composite were mixed in a

chamber at a speed of 60 rpm and a temperature of

about 190 �C. Samples for electrical tests were pro-

duced by the hot-pressing method. It was found that

percolation thresholds were 2 wt.% for PS, 2 wt.% for

PP, and 4 wt.% for PE-LD. It was also observed that

the formation of conductive paths of the filler in the

matrix was influenced by the type of polymer as well

as its degree of crystallinity. After exceeding the

percolation threshold, the conductivity of PP and PS

was of the order 1•10–5 S/m, while for PE-LD this

value was about 2•10–4 S/m [106].

The electrical conductivity of graphene-reinforced

composites based on polyvinyl chloride (PVC) or

polymethyl methacrylate (PMMA) matrix was

determined [107]. The conductive network of gra-

phene particles was formed at about 5 wt.%. it’s

content in the PMMA matrix and about 10 wt.%. in

PVC. The maximum electrical conductivity of about

4•10–4 S/cm was achieved at 20 wt.%. graphene

content. The PVC/graphene composite has a rela-

tively higher conductivity than that obtained with the

use of the PMMA matrix. This may indicate a better

dispersion of graphene particles in the PVC matrix.

The properties of polymer composites containing

silver particles were examined [75]. The matrixes

used were polyamide (PA6) and polytetrafluo-

roethylene (PTFE) in the form of powders with par-

ticle sizes from about 40 to about 80 lm, while Ag
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particles were smaller than 20 lm. The composite

was prepared by mixing the powders in a high-speed

mill and then hot sintered at a temperature of 200 �C

– for PA6 and 400 �C for PTFE. In the tests, the filler

content was about 30 wt.%. The test results showed

that the electrical conductivity of the obtained com-

posites ranged from 28•10–3 S/cm to 5 S/cm.

The properties of polymer composites using metal

fibers were also investigated. Bigg et al presented a

composite with a polypropylene (PP) or polyester

resin matrix using aluminum fibers with a high

aspect ratio as a filler [108]. The conductivity of the

composite below 50•10–3 S/cm was obtained, by

adding randomly dispersed aluminum fibers with

different lengths and diameters.

Polypropylene (PP) with fillers was rolled at a

temperature of 200 �C [109]. There is a minimum gap

in the rolling machine of 3 mm to keep the aluminum

fibers from breaking during mixing. On the other

hand, PE composites were mixed and solidified at a

temperature of 80 �C. The percolation threshold was

obtained for the composite with the use of fibers

3.05 mm long, 0.127 mm in diameter, and with an

aspect ratio of 24.0 at the content of 6 vol.%, while for

the composite, where the fibers were 1.25 mm long,

0.1 mm in diameter and aspect ratio 12.5, the

threshold was 11 vol.%. Above the percolation

threshold, the resistivity of the composite did not

change significantly. Based on the observations, the

influence of the aspect ratio on the resistivity of the

samples was determined. The use of fibers with a

length of 3.05 mm, a diameter of 0.127 mm, and an

aspect ratio of 24.0 at a content of 7.7 vol.% resulted

in conductivity of 80•10–3 S/cm [108].

Researchers from the University of Tokyo exam-

ined a composite with an ABS matrix using copper

fiber as a filler and a solder filler [110]. The compo-

nents of the composite were mixed and kneaded at a

temperature of 210 �C for 10 min. The copper fibers

were 6 mm long and 50 lm in diameter. The test

specimens were pressed into a mold at a temperature

of 160–180 �C under the pressure of 100 MPa and

200 MPa. The problem with the fluidity of the com-

posite material was noticed—the mold was not filled.

It resulted probably from the contact and entangle-

ment of the filler fibers. The tests showed that the

volume resistivity of samples increases significantly

when kneading takes place in atmospheric condi-

tions, which is probably caused by the oxidation of

copper fibers. The obtained values of the volume

conductivity are 5•103 S/cm (16.2% vol.);

10.75•103 S/cm (vol. 30%), and 16.67•103 S/cm (vol.

40%) [110]. The measurements were made using the

four-probe method. The electrical contact was made

by soldering the wire to the drilled sample. The

dependence of changes in resistivity as a function of

temperature was also investigated. For this purpose,

a current of 10A was applied to the sample, and

resistivity was measured as dependent on tempera-

ture changes. The significant change took place only

for the sample with dimensions of 3 9 3 9 90 mm.

The reason for this was probably the low filler con-

tent (16.2% vol.). The metallic connections formed by

the filler particles had a smaller cross section for a

sample with dimensions of 3 9 3 9 90 mm than

5 9 6 9 90 mm [110]. Forcing a current of 10A to

flow with a smaller cross-section of the conductive

paths resulting in an increase in temperature

according to the Joule’s-Lenz law. On the other hand,

the increase in temperature caused a further increase

in resistance, along with according to the dependence

of the conductor resistance on temperature, expres-

sed as follows:

RT ¼ R0 � 1þ a � T � T0ð Þ½ � ð1Þ

R0–conductor resistance at temperature 20 �C, RT –

resistance of a conductor heated to temperature T, a –

temperature coefficient of resistance, which for cop-

per, aluminum, and silver is 0,004 1/�C.

A continuation of Bigg’s and Naguchi’s research

was the hybrid composite with very high electrical

conductivity developed by Michaeli et al. [111]. The

obtained material consisted of 15 wt.% of PA6 poly-

mer, 33%wt of a tin/zinc alloy with a melting point of

199 �C, and 52 wt.% copper fibers. The total filler

content was about 85 wt.%, which is about 44 vol.%.

The copper fibers used were 0.65 mm long and 35 lm

in diameter. The test samples were made by the

injection method. The electrical conductivity was of

the order 104 S/m. The tests showed a slight depen-

dence of the resistivity on the temperature when

heated to the glass transition temperature which is

50–60 �C for PA6. A decrease in conductivity was

noted after exceeding the temperature of 170 �C. The

thermoplastic composite, highly filled with metallic

particles, also showed changes in its mechanical

properties. The flexibility of the composite decreased

significantly compared to the starting material—PA6.
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Some problems have also arisen with the proper

filling of the injection mold [111].

In the work of Flowers et al. [112], commercially

available conductive filaments for 3D printing were

tested. Thermoplastics with conductive fillers such as

Electrifi, Black Magic (PLA ? graphene), and Proto-

Pasta (PLA ? CB) were tested. An inexpensive (less

than $ 1000) open-source dual-material 3D printer

was used for the experiment. A resistor, inductor,

and capacitor were successfully built and their

impedances were measured. The conductivity of the

printed samples was measured: for Proto-Pasta it was

8.33•10–2 S / cm, for Black Magic 1.28 S/cm, and

Electrifi 71.4 S/cm [112]. The Source Meter—Keithley

2400 was used to measure the conductivity. Due to

these values, these materials find practical applica-

tion in the construction of electronic passive ele-

ments, such as resistors, coils, and capacitors. The

highest value of conductivity was shown by Electrifi,

which can effectively enable electroplating.

Mechanical properties of the tested materials were

observed. The samples from Black Magic and Proto-

Pasta, due to the high content of carbon black and

graphene, showed high brittleness and cracked. By

contrast, Electrifi (containing copper particles) could

be knocked down at least 500 times with a slight

change in resistance.

The research results presented in this section show

that there is a real problem with the change of elec-

trical conductivity of a polymer material sufficient for

direct electroplating. Figure 3 presents comparative

electrical conductivity values for the tested

composites.

The highest conductivities were obtained when

metal fibers were used as fillers. The expected result

is due to the conductivity of the filler. The conduc-

tivities obtained for this type of filler (metal fibers)

approached the value of the electric conductivity of

the metal but were lower by two orders of magni-

tude. It can be assumed with high probability that

Figure 2 Selected conductive fillers: a comparison of the conductivity, b comparison of the particle size, data taken from [80-104], [105].
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such good results are dependent on the size of the

filler and the aspect ratio of a single conductive par-

ticle. The obtained values of electrical conductivity

suggest that the electroplating process of such a

conductive composite will be efficient and fast. Sat-

isfactory results from the point of view of electro-

plating were obtained for metal powders. These

composites showed lower conductivity than with the

use of metal fibers, but high enough to assume with a

high probability that the electroplating process will

be effective. The worst values of electrical conduc-

tivity concerned polymer composites using CB. This

was not due to the low conductivity of the filler itself,

but rather the distance between the conductive par-

ticles arranged in the matrix. In this case, the proba-

bility of creating a continuous conductive path inside

the matrix is much lower than with metal fibers or

nanotubes.

Electroplating of conductive polymer
composites

The hybrid composite called Schulatec TinCo 50 was

tested by the Hansen team, the results of which are

presented in [114]. The composite sample was the

cathode, while the anode was pure copper. The

electroplating bath was a solution of sulfuric acid and

copper sulfate. The experiments were repeated for

different values of the metallization time and current

density. Increasing the current density from 3 to 8 A/

dm2 along with extending the processing time from 6

to 11 min resulted only in 12% coverage of the sam-

ple surface. The causes of such poor electroplating

were also investigated. The sample was subjected to

microscopic observation. Morphology analysis

showed that only 7% of the composite surface had

exposed copper fibers. On the other hand, the visible

areas of Cu fibers were covered with a thin layer of

polymer material. The level of adhesion was deter-

mined to be weak. The surface was mechanically

treated by sandblasting and wet grinding. Due to

these treatments, the surface of the sample had about

17% metallic coverage, which enabled electroplating

of about 45% of the sample surface. The electrical

conductivity of the samples subjected to electroplat-

ing was also tested. Even the incompletely covered

sample (45% of the area) showed an increase in

conductivity by about 70%. After the mechanical

treatment, the deposited metallic layer was subjected

to a tape test—it was not possible to remove the metal

with the tape [114].

The paper [115] presents the research on the

dependence on the effectiveness of electroplating on

polymer 3D printed products. Conductive filaments

available on the market, intended for 3D printing,

such as Electrifi, Black Magic, and Proto-Pasta, were

used for the tests. On acrylic substrates, samples for

testing with sizes 0.1 9 0.5 9 8 cm were made.

Copper electrodeposition was carried out in a two-

electrode system, where the working electrode was a

sample printed from a conductive filament, and the

counter electrode was copper foil. The area of elec-

troplating deposition was 4.25 cm2. The electrolyte,

an aqueous solution of CuSO4 (1.0 M), H2SO4 (0.5 M),

and NaCl (1 mM) was used for the metallization

bath. A DC source was used for electrolysis and the

metallization current density was 50 mA/cm2. The

calculated value of the copper deposition rate was

1.1 lm/min (with full current efficiency–50 mA/

cm2). The research showed that the process of copper

electrodeposition runs unevenly on the printed

sample surface. A higher potential was near the

electrical contact, which decreased along from this

contact. This resulted in the deposition of less copper

in the areas remote from the electrical contact. A

sample made of commercial Proto-Paste was covered

with a continuous layer of copper only 2 cm from the

electrical contact, after one hour of electroplating. The

high filament resistance caused the current density to

drop below 3 mA/cm2. Hence, the deposition of

copper particles took place near the electrode contact.

The electroplating of the sample made of Black

Magic showed after 5 min the formation of a metallic

layer near the electrical contact. However, after one

hour of the experiment, full coverage of the sample

was obtained. The microscopic measurements

showed inhomogeneity of the copper layer, which

was also confirmed by the resistivity measurements.

Surface resistivity increased with increasing distance

from electrode contact. The resistance between 0 and

1.5 cm is nearly 7 times lower than that between 4.5

and 6 cm.

The electroplating of copper on a sample made of

Electrifi resulted in a homogeneous metallic layer as

initially proved by visual examination. On the other

hand, surface images taken with an optical and

electron microscope showed heterogeneity of the

layer. Within 5 min, the deposition took place only

around the electrical contact. After 15 min, larger

J Mater Sci (2021) 56:14881–14899 14891



areas of the sample were covered. In contrast, after

30 min of electroplating, the almost entire surface of

the sample was covered with a metallic layer having

locally present voids. Finally, after one hour of the

process, the entire surface of the sample was covered

with copper. The SEM images revealed that the

copper deposition exhibited relatively high rough-

ness and porosity. There have been no studies on the

adhesion of the metallic layer to the substrate.

The work of Angel et al. presents the results of

research on the electroplating deposition of details

created thanks to 3D printing with the use of a two-

head printer [116]. During the simultaneous opera-

tion of the 3D-printing process, one of the two heads

fed non-conductive PLA filament, and the other

conductive filament—Proto-paste. The samples were

printed in two different directions: parallel to the

work surface (‘‘x–y’’ direction) and perpendicular to

it (‘‘z’’ direction). The conductivity of the product was

tested with a multimeter in both directions: ‘‘x–y’’

direction – 81.9•10–3 S/cm and ‘‘z’’ direction –

43.3 10–3 S/cm. An aqueous solution of copper sul-

fate was used for electroplating. The working elec-

trode was an area printed from a conductive material,

while the counter electrode was a copper foil placed

in the bath parallel to the coated surface. The current

source was a switching power supply, forcing a

current flow of 0.04A which corresponded to a cur-

rent density of about 2 mA/mm2. The electroplating

deposition process for the tested samples lasted 2, 4,

6, and 8 h. The deposition thickness of the metallic

layer was determined using a confocal laser micro-

scope. The metal layer deposition rates were obtained

for the sample printed in the ‘‘x–y’’ direction at the

rate of 24 lm/h and for the sample printed in the ‘‘z’’

direction—at the rate of 17 lm/h.

Images of the metallic layer morphology were

taken using computed tomography (Zeiss Xradia 510

Versa CT scanner) for the samples subjected to elec-

troplating for 8 h. Numerous cracks can be seen in

the copper layer, especially in the sample printed in

the ‘‘x–y’’ direction. The thickness of the deposited

Figure 3 Comparison of obtained electrical conductivities of conductive composites, data taken from [75], [101], [105-111], [112], [113].
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copper layer differed depending on the sample

printing direction, and so for the ‘‘x–y’’ direction the

layer had a thickness from 130 to 420 lm, and for the

‘‘z’’ direction this thickness was from 230 to 620 lm.

The metallic layers on the conductive Proto-Paste

filament, obtained in the process of electroplating had

considerable roughness, different thicknesses, and

discontinuities. The adhesion test according to the

ASTM D3359 standard [105] was performed. The

results showed that the adhesion of the obtained

metallic layer to the substrate was rated 4A—‘‘Trace

peeling or removal along incisions or at their inter-

section’’ [116].

In the work of Dupenne et al. [113], the preparation

of a polymer composite consisting of a polyurethane

matrix (PU) and silver nanowires (AgNWs) was

reported. AgNWs were synthesized by reducing

AgNO3 with ethylene glycol in the presence of

poly(vinylpyrrolidone). The detailed course of the

process was included in [117]. The conductivity of a

single silver nanowire tested at room temperature

was 6.3•105 S/cm [113]. Previously, the issue was

dealt with by Sun et al. [118]. The use of AgNWs

instead of spherical silver particles significantly

lowered the percolation threshold (from 20% vol. to

less than 5% vol.). The reason for this was the high

aspect ratio of 222. With such a low filler content, it

was possible to maintain the mechanical properties

and low weight compared to spherical silver particles

[113, 117]. The conductivity of undoped PU is

10–12 S/cm. However, at 4% vol. filler content, the

conductivity of the composite was 6.8•10–1 S/cm.

The measurements were performed using the four-

point method [113]. A percolation threshold of 0.6%

vol. of the filler content was noted. Above the per-

colation threshold, effective electroplating of the

composite was noted. The electrolysis process uses a

silver electrode as the anode and a composite as the

cathode. Electroplating was applied to PU composite

samples with a content of 3% vol. to 6% vol. AgNWs.

No effect of the degree of filler content on the met-

allization efficiency was observed. In this process, the

duration of the electrolysis process and the current

density were of decisive importance. The optimal

conditions for electroplating were obtained with the

share of 4% vol. filler and for a current density of

0.1 A/dm2. The deposition rate was recorded at the

level of 7 lm/h [113]. The adhesion of the metallic

layer to the polymer composite substrate was also

determined using the ISO 2409 standard. The

dependence of the adhesion on the current density of

the electrolysis process was observed. For a density

value lower than 0.2 A/dm2, the metal layer had the

adhesion class 0—perfect adhesion. Increasing the

value of the current density caused the deterioration

of the adhesive properties of the metallic layer to the

substrate.

The paper by Li et al. [119] presents the results of

research on a composite consisting of a conductive

polymer-polythiophene and nickel nanoparticles

(NiNPs). PT was obtained by polymerizing thiophene

monomers on FR4 substrate with KMnO4. NiNPs

particles were introduced into the polymer matrix

using a proprietary method, not described in detail in

the article. Two samples were prepared: one with

NiNPs in the PT matrix and the other with undoped

PT. Both samples were placed in a copper plating

solution where the samples were the cathode and the

copper electrodes were the anode. The experiment

was carried out at a current density of 3.75 A/dm2. A

detailed description of the process and rocks of the

galvanic bath is given in [119]. After 30 min of the

experiment, massive nuclei of copper particles

appeared, while after an hour of electrolysis, com-

plete coverage of the sample with a metallic layer was

observed. The deposition rate of the copper layer on

the PT ? NiNPs composite was measured and it was

14.55 lm/h [119]. Such a rapid increase in copper

layer deposition was initiated by the presence of

NiNPs particles. The tests also showed that the

sample without NiNPs particles was not covered

with the copper layer. The thesis was formulated that

NiNPs must be present in the PT matrix for the

electroplating process to take place. Adhesion tests

according to ISO 2409–1992 were also performed. The

test results showed no damage to the metallic layer,

which can be classified as class 0—excellent adhesion.

There were also made PT ? NiNPs tracks on the FR4

substrate, which were subjected to electroplating. As

a result, conductive tracks with a resistance of 0.35 X

were obtained, which powered the LED [119].

The conducted tests of conductive composites

commercially available on the market in terms of the

effectiveness of electroplating are presented in this

section of the paper. It can be seen that in almost each

of the cited examples there was a problem with the

metallization of the polymer composite. The electro-

plating had possible for materials such as Schulatec

TinCo 50, Proto-Pasta, or Black Magic. Unfortunately,

it was not effective. The obtained metallic layer was
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not continuous and was present mainly in the vicin-

ity of the electrical contact and the polymer electrode.

Even mechanical processing—surface grinding (for

TinCo 50) improved the metallization result up to

45% of the sample surface. The results of tests of fil-

aments commonly used in 3D printers also gave a

similar result. A higher electric potential could be

observed near the electrode-polymer composite

interface. Near this place, the deposition of the

metallic layer was successful, but it disappeared with

the increase of distance from the point of electrical

contact. Similar problems occurred with the electro-

plating of conductive polymers (Sect. 3.2). The lack of

uniform deposition of the metallic layer on the entire

surface of the sample resulted in an extension of the

experiment time. The obtained layers showed a dif-

ferent thickness and roughness. Only the use of silver

nanowires as a filler significantly lowered the per-

colation threshold in the PU matrix. This enabled the

electroplating process to be successfully carried out.

The obtained metallic layer showed very good

adhesion and smoothness. Similarly, doping the

conductive polymer (PT) with nickel nanoparticles

created a composite that can be efficiently and

quickly electroplated.

Conclusions

Conventional polymers are typically insulators and

their electroplating requires inducing changes in their

composition and structure by chemical or physical

methods. These indirect methods are part of the

electroplating process and require multiple steps.

Agents used to activate, oxidize, and etch the surface

of polymers are highly polluting and pose a threat to

human health. From the economic point of view,

chemical and physical methods involve highly spe-

cialized equipment, which contributes to the final

price of the product.

The main problem of implementing the method of

electroplating of conductive composites is, above all,

the ineffectiveness of the process. It is caused by the

still too low electrical conductivity of polymers and

polymer composite and the dependence of the elec-

trical potential which decreases too high with

increasing from the electrical contacting point.

Research should be carried out on obtaining a higher

electrical conductivity of the polymer composite as

well as a uniform potential distribution on the surface

of the metalized sample. The search should be aimed

at finding the optimal filler content of various frac-

tions on the scale of nanometers, micrometers, and

millimeters, so that the composite has the mechanical

properties of the polymer material. This is important

due to the possible industrial processing of the pro-

duct (e.g., 3D printing or injection molding). Only

solving these problems will enable the implementa-

tion of the method on an industrial scale. Therefore,

this technology needs further development and

research with new total concepts which will be pre-

sented in our next successive publications.
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