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Abstract

The recovery of high-purity copper from used fine enameled wires without loss of mass is a valuable solution for foundries. Although this
waste is widely available on the market, it remains undervalued due to significant losses during processing. This study presents an effective
thermal recycling method for fine enameled copper wires, designed to remove insulation while preserving the metal's metallurgical
properties. Pyrolysis was performed between 450°C and 900°C with constant holding phases, followed by remelting in an induction furnace.
Chemical, microstructural (SEM and optical), and electrical analyses identified an optimal temperature of 550°C with a holding time of 82
minutes, based on a well-defined thermal sequence. At this temperature, the enamel is completely decomposed, resulting in copper with
99.5% purity before melting and a recovery rate exceeding 99%. After melting, the 8 mm wire produced had a uniform microstructure and
an average conductivity of 97.2% IACS, aligning with industrial standards for wire drawing (electrical applications). In contrast, direct
melting of untreated wires caused inclusions, metal losses, and reduced conductivity. The proposed process, which is simple and cost-
effective, offers an efficient way to recycle this type of waste and supports the circular economy.
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1. Introduction policy efforts aimed at reducing reliance on primary copper in the
future [4-7]. For example, in Europe, the economic value of copper
could increase by 22.5% by 2030 due to growing demand and the
importance of recycling [8-9]. Additionally, copper recycling
would reduce CO: emissions by 70 to 85% compared to primary
production, while also reducing the energy consumption associated
with copper extraction and processing [10].

Enameled copper wires, which are effective at both insulating
and conducting current, are the main copper material used in
manufacturing windings essential to the electrical industry [11]. In
addition to their high electrical conductivity, these wires are highly
ductile and can be easily cold-formed [12]. They consist of a copper
core with over 99.9% purity [13-14], covered with an enamel
coating that serves as insulation, with its composition chosen based

The recycling of small-diameter enameled copper wires is
essential in a circular economy, where global demand for copper
could increase by 140% by 2050 compared to 2010 [1]. In 2021,
approximately 33% of this demand was fulfilled through recycling
copper waste [2]. These copper wires, used in various equipment
such as motors and transformers, are a valuable resource in waste
electrical and electronic equipment (WEEE). This equipment
contains about 2.1 billion kg of copper, with 1 billion kg coming
from cables and printed circuit boards [3]. Therefore, enhancing
resource efficiency in copper waste management and adopting
innovative recycling processes should be priority goals for global
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on the operating temperature [15-17]. Common insulation
materials include polyamide-imide (PAI), polyetherimide (PEI),
polyurethane (PUR), polyamide (PI), or polyether ether ketone
(PEEK), which can be reinforced with mica flakes or inorganic
materials [18,19]. Insulation thickness is categorized into three
types, creating a specific ratio between the copper and total cross-
section depending on the dimensions of the copper core [20].

Recycling used fine enameled wires is more complex than
recycling ordinary cables because the paint film binds strongly to
their metal parts, making removal particularly difficult. This
complexity presents a major challenge for efficient copper
recovery, prompting researchers to test various stripping
techniques. Among these, chemical processes are notably effective:
degrading polyester coatings with an aqueous NaOH solution is a
common approach [21]. Additionally, methanolysis using
methanol and dichloromethane can break down polymers like
polyvinyl butyral and polyester [22].

Mechanical approaches also provide promising solutions, such
as using rotating friction wheels to remove insulation from ultra-
fine wires [23], or employing centrifuges combined with chromite
sand to separate paint layers from copper [24]. Thermally,
pyrolysis is a key method that breaks down enamels at high
temperatures and releases copper [25,26]. Other thermal
techniques, like high-frequency induction heating, are also used to
precisely remove polyester coatings at specific temperatures
[27,28].

Finally, innovative approaches, such as laser ablation can be
used to remove enamel coatings, although further optimizations are
needed to prevent substrate melting [29]. Additionally, techniques
combining pyrolysis and ultrasound have proven to be more
effective in enhancing copper recovery, offering promising
prospects for recycling enameled wires [30]. Lastly, our study [31]
acknowledges certain limitations, particularly in the processing of
fine wires, which often constitute a large portion of the old raw
materials supplied to foundries. Otherwise, these wires tend to
degrade rapidly during pretreatment, posing challenges to
maintaining material integrity.

A detailed reading of the results from the methods mentioned
above reveals that they have been tested under well-defined
conditions on certain types of enameled wires. The recovery rates
of these methods range from 98% to 99.99%, with the highest value
achieved by combining two methods: pyrolysis and ultrasonic
treatment. Although recovery rates vary between 94.52% and
99.95%, pyrolysis remains a promising approach for recycling
enameled wires. Additionally, it is important to note that, under
controlled conditions, the pyrolysis of these wires, which are
composed of approximately 98% copper and produced in very
large quantities, allows the insulating layer to be decomposed in a
controlled manner, with a limited and manageable release of
gaseous by products. To reduce the 1.9% mass loss, this study will
propose an industrial pyrolysis process that is cost-effective and
accessible to small foundries, with minimal environmental impact.
This process enables efficient recycling of fine enameled wires
(diameter 0.05 mm) to recover pure copper without oxidation or
excessive mass loss, resulting in a product suitable for use in the
upcasting manufacturing process. The effects of various factors,
such as pyrolysis temperature and holding time, on treatment
efficiency have been examined in detail.

2. Methodology

2.1. Materials: Sample preparation

After receiving the waste, the first step in the treatment process
is manual sorting. This step aims to separate and remove impurities
like plastic, powder, iron, aluminum, and other materials. Sorting
is crucial before thermal treatment because it improves waste
preparation and prevents the combustion of unwanted materials,
such as plastic, which could harm the environment and reduce
pyrolysis efficiency. Thorough manual sorting enhances the
treatment's effectiveness. Afterward, samples weighing 20 to 30
grams (fine enameled wires) are prepared and weighed before
treatment (Figure 1).

Fig. 1. (A) Waste batch, (B) Samples prepared after sorting

The enameled copper wires in this study have a total diameter
of 0.05 mm, with a high-purity copper conductor (>99.9%) coated
in enamel. According to IEC 60317 and NEMA MW 1000
standards, the enamel thickness is 0.005 to 0.01 mm, resulting in
an effective copper core diameter of about 0.035-0.04 mm. The
copper conductor is produced by intensive cold drawing, resulting
in an initially heavily work-hardened state with elongated grains.
This initial structural condition explains the particular sensitivity of
the wires to thermal treatments. When exposed to elevated
temperatures, cold-worked copper may undergo microstructural
evolution processes such as recovery, internal stress relaxation, and
recrystallization depending on the temperature and exposure time,
as widely reported in the literature for cold-worked copper
conductors [32]. However, in the present study, no metallographic
characterization of the copper core was performed. Therefore, these
mechanisms are mentioned only as possible phenomena reported
in previous studies and should not be interpreted as experimentally
demonstrated in the investigated material.
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2.2. Heat treatment

The samples are placed inside the furnace (GT-072F-20*20
electric oven, 6 kW, 220 V), as shown in Figure 2, and the door is
carefully closed to ensure a complete seal and prevent oxygen from
entering, which could cause copper oxidation.

Before starting the treatment, a nitrogen purge is performed by
injecting gas at a flow rate of 10 L/min for 15 minutes to remove
oxygen and establish an inert environment. The nitrogen injection
pressure stays steady at 10 bars throughout the entire treatment
cycle. Once the internal atmosphere is saturated with nitrogen, the
electric heater is turned on.

Fig. 2. Pyrolysis furnace: 1- thermocouple, 2- crucible, 3-
regulator, 4- electrical resistance, 5- refractory insulation,
6- Enameled copper waste, 7- gas evacuation, 8- Inert gas

The furnace temperature gradually increases following the
thermal profile (Figure 4) until reaching the desired temperature.
Successive tests were conducted by increasing the temperature in
steps of 50 °C (450 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C,
750 °C, 800 °C, 850 °C, and 900 °C) in order to investigate the
behavior of the enamel coating and identify suitable pyrolysis
conditions.

The selection of the temperature levels used in this study was
guided by the thermal degradation behavior of polymeric enamel
coatings commonly used in magnet wires. According to
thermogravimetric and pyrolysis studies reported in the literature,
the degradation of polyester-imide and related insulating resins
occurs through several successive stages rather than through a
single reaction. An initial stage between approximately 250 °C and
350 °C corresponds to the release of low-molecular-weight volatile
compounds and the beginning of polymer decomposition. The
main degradation of the insulation generally occurs between about
400 °C and 550 °C, where the polymer structure breaks down and
most of the organic material is converted into gaseous products and
carbonaceous residues. At higher temperatures, typically above
600 °C, the remaining carbonaceous residues and inorganic
additives may undergo further decomposition or transformation
depending on the thermal conditions [25,26,37-39]. Based on these
mechanisms, the investigated temperature range (450-900 °C) was
selected to cover both the principal enamel decomposition regime
and the higher-temperature region where residual carbonaceous

compounds may be further degraded. The step of 50 °C between
successive experiments was adopted in order to progressively
identify the temperature window allowing complete removal of the
insulation while limiting thermal damage to the fine copper wires.

At each temperature sequence, a systematic protocol is
followed after heat treatment. This involves separating the residues,
washing, and then drying them in the open air, as shown in Figure
3.

(A)

Fig. 3. (A) sample before treatment, (B) sample after treatment

The thermal profile used during treatment consists of four
consecutive phases (Figure 4): The first phase is preheating to
remove light volatile compounds without beginning to carbonize
the insulation. The temperature gradually increases from room
temperature to 300°C at a rate of 15°C/min, followed by a 10-
minute stabilization period (holding stage) at this temperature. The
second phase is devoted to the main decomposition of the
insulating coating. The temperature is raised from 300°C to 450°C
and maintained at 450°C for 15 minutes. The third phase aims to
eliminate remaining solid residues. It involves raising the
temperature from 450°C to a final value (which varies depending
on the tests), then stabilizing at that level for 10 minutes. Finally,
the fourth phase involves gradual cooling, carried out with the
power off, while continuously injecting inert gas until the
temperature drops to around 50°C.
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Fig. 4. Heat treatment profile
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A multi-stage heat treatment was selected to control the
progressive decomposition of the enamel layer while preserving the
integrity of fine copper wires. This approach allows the different
stages of enamel degradation to be separated, including the release
of volatile compounds, the primary decomposition of the polymer
matrix, and the elimination of residual carbonaceous products,
while limiting excessive thermal exposure that could promote
fragmentation or surface alteration of the cold-drawn copper wires.
Single-step direct heating trials revealed clear limitations: at low
temperatures, the enamel layer is not completely removed, whereas
at high temperatures rapid carbonization of the insulation leads to
wire embrittlement. Pyrolysis temperatures were therefore
investigated through successive increments in the range of 450 to
900 °C in order to experimentally determine the processing
window that allows effective insulation removal without excessive
degradation of the copper. The corresponding holding times were
defined based on the observed mass losses, the physical condition
of the wires after treatment, and surface observations, while also
taking into account previous studies on the thermal degradation of
enamel coatings and the thermal pretreatment of recycled copper.

In order to identify the optimal processing conditions, the
selection of the final thermal parameters was based on a
comparative analysis of the experimental results obtained at each
temperature level. The optimization criteria considered in this
study included (i) the mass loss associated with enamel removal,
(i) the physical integrity of the fine copper wires after treatment,
(iii) the surface condition of the wires, and (iv) the chemical purity
and electrical conductivity of the recovered copper after remelting.

To evaluate these criteria, several parameters were
systematically measured after each thermal treatment. Mass loss
was determined by comparing the residual mass to the initial mass.
The physical condition of the copper wires was examined to detect
signs of degradation, such as fragmentation during manual
handling.

The surface morphology of the wires was analyzed using
scanning electron microscopy (SEM, Thermo Scientific Quattro S,
Thermo Fisher Scientific). Observations were performed at an
accelerating voltage of 15 kV with a working distance of
approximately 10.2 mm, using a secondary electron detector (LVD
mode). SEM analyses were carried out on selected surface regions
of the treated wires after cooling to room temperature. Several
representative areas were analyzed for each sample to ensure the
reliability and representativeness of the results.

The chemical composition of the recovered copper was
determined by spectrometric analysis. The elemental composition
of the solid residues was analyzed using inductively coupled
plasma atomic emission spectroscopy (ICP-OES, Ultima 2, Jobin
Yvon/Horiba). Prior to ICP analysis, the samples were digested
using nitric acid under controlled laboratory conditions. Calibration
was performed using certified reference standards to ensure
analytical reliability (each sample was analyzed in triplicate). In
addition, the residues (homogenized samples) were analyzed using
wavelength-dispersive X-ray fluorescence spectroscopy (WDXRF,
PANalytical Axios, Malvern PANalytical) to identify and quantify
the main impurities present.

2.3. Melting and casting

For a more precise evaluation of the purity, microstructure, and
electrical performance of the recycled copper, a sample of this
thoroughly treated and washed wire was remelted in a 15-kW
induction furnace with a capacity of 1000 g. The molten metal,
heated to 1120 °C in the presence of a protective flux (graphite
powder), was cast into a cooled graphite mold with an 8 mm
diameter using flame-assisted pouring, with oscillation to prevent
porosity. The goal was to produce an 8 mm diameter wire, similar
to that produced by the UPCast process (Figure 5).

For comparison, a melting was also performed using samples
of non-heat-treated enameled wires. This operation allowed for a
direct evaluation of the impact of pretreatment on the metallurgical
purity, microstructural state, and electrical performance of the
recovered copper.

For micrographic observation, the samples were embedded in
a thermosetting resin to make handling easier. Grinding was done
with water using silicon carbide abrasive paper with progressively
finer grit sizes (200, 400, 600, 1200). The surface was then polished
with diamond paste until a mirror-like finish was achieved.
Chemical etching was carried out with a reagent based on FeCls,
HClL, and ethanol, following ASTM E407, to reveal the
microstructure. Observation was performed using a TEELEN-4XC
metallographic optical microscope.
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Fig. 5. Melting and Casting process: 1- Induction coil, 2- Graphite
crucible, 3- Thermocouple, 4- Treated copper, 5- Protection flow,
6- Control panel, 7- Pump, 8- Cooling water, 9- Table of
oscillation, 10- Flame, 11- Graphite mold 8mm, 12- Cooling
water IN/OUT, 13- Cooper cooling jacket

Electrical conductivity was measured using a conductivity
meter (SigmaScope SMP10) that was previously calibrated with
certified standards for high-conductivity —metals. The
measurements were performed under strictly controlled conditions.
To ensure good conductivity, the sample surfaces were cleaned
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with a diluted solution of sulfuric acid (H.SO4) or nitric acid
(HNO:s), removing surface oxides effectively. The samples were
then cut to lengths between 80 and 110 mm. Each sample was
connected to a specific electrical circuit via electrodes delivering a
current between 1 and 100 mA. The electrical resistance (R) was
recorded, and the resistivity (p) was calculated from this value
using equation (1), while the conductivity was determined using
equation (2). The %IACS was then calculated using formula (3).
Measurements were performed in an accredited laboratory using
calibrated equipment, and the measurement uncertainty is
estimated to be on the order of 1-2%.

A
p=Rx(7) @
1
o== )
p
o
%IACS = <c“;eL‘”ed> x 100 3)
copper

Where R is the measured resistance (in ohms), A is the cross-
sectional area of the wire (in m2), and L is the length of the wire
(in m).

3. Results and discussion

3.1. Mass loss results (after heat treatment)

For each sequence, the treatment was applied to three samples,
and the average values obtained from these three measurements are
summarized in Table 1:

Table 1.

Mass loss results as a function of processing temperature
A
T1 :450°C 27.13 26.47 0.67 2.47%
T2 : 500°C 2433 22.63 1.71 7.02%
T3 :550°C 25.97 2391 2.07 7.97%

T4 : 600°C 24.53 22.53 2.00 8.17%

T5:650°C 23.87 21.63 2.24 9.37%
T6 : 700°C 27.93 24.83 3.10 11.07%
T7:750°C 23.13 20.53 2.60 11.28%
T8 : 800°C 30.00 26.27 3.73 12.48%
T9 : 850°C 24.73 21.50 3.23 13.04%
T10: 900°C 27.07 23.43 3.63 13.42%

Mass losses gradually increase with temperature, reaching an
average of 13.42% at 900°C due to the decomposition of the
enamel and the degradation and fragmentation of the wires, while
remaining consistent among different samples at each stage.
Regarding thermal effects, residue degradation becomes more

noticeable above 450°C. The optimal temperature range is between
500 and 600°C, with a loss rate of 7 to 8%, which theoretically
corresponds to the mass of the insulator.

The loss rate was confirmed by comparing it to the insulation
ratio mandated by the standard [33,34]. The total diameter of the
treated enameled wire is 0.05 mm, with an average enamel
thickness per side ranging from 0.005 mm to 0.01 mm. This
indicates that the actual diameter of the copper conductor lies
between 0.03 mm and 0.04 mm, confirming the consistency
between the measured mass loss and the theoretical amount of
insulation (According to the calculation above).

-Volume of enameled wire:

m
Vtotal = " (Dtotal)? = 0,00196 mm?3

-Volume of copper:

T
Vcopper = 1 (Dcopper)? = 0,00126 mm3

-Volume of enamel:

Venamel = Vtotal — Vcopper = 0,0007 mm?3

-Proportion by weight of enamel:

Masse enamel

Taux enamel (%) = -100 = 7,5%

Masse total

Where copper density = 8,96 g/cm?® and enamel density = 1,2 to
1,4 g/cm?.

Based on the calculations, an enameled wire with a diameter of
0.05 mm contains approximately 7 to 8% enamel by weight. This
estimate corroborates the losses observed during heat treatment and
confirms that a temperature of 550°C is optimal for ensuring
effective removal of the insulation without excessive degradation
of the copper.

At temperatures above 700 °C, noticeable surface degradation
and physical fragmentation of the fine copper wires are observed,
as shown in Figure 6. This behavior likely arises from a
combination of effects. Although the treatment is performed under
nitrogen purging, minor surface alteration may still occur due to
traces of residual oxygen in the furnace or gas stream, especially at
high temperatures and for very small wire diameters [35]. In
addition, exposure to elevated temperatures can promote
microstructural softening processes, such as recovery and possible
recrystallization or grain growth, which may weaken the
mechanical integrity of heavily cold-worked fine copper wires and
favor fragmentation [36].
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Fig. 6. Visual appearance of copper wires after heat treatment: (A)
550°C, (B) 700°C (qualitative observation of surface condition
and fragmentation)

3.2. Chemical analysis results (after heat

treatment)

At 550°C, analysis of the copper wire composition using a
spectrometer (Table 2) shows a purity of 99.95%. The low
concentrations of residual elements, especially lead (0.0007%) and
zinc (0.002%), confirm the effective removal of the insulation and
the retention of the wire's metallurgical properties. At this
temperature, organic polymers decompose in the gas phase, while
the continuous injection of inert gas minimizes the risk of copper
oxidation [25].

Table 2.
Composition of copper wire after treatment
Element %

Cu 99.95
Ag <0.002
Fe <0.01
Pb 0.0007
Zn 0.002
Ni <0.003
Sn <0.002
Sb 0.0008
As <0.005

3.3. SEM inspection results (after heat
treatment)

To confirm the optimal temperature, SEM observations were
conducted on samples treated between 500 and 650 °C. The

changes in the surface morphology of the enameled copper wire as
a result of heat treatment are shown in Figure 7.

mag @ H w mode | det  spor
AV 5000 1500V 102mm SE_|LVD 3.0

15.00 KV 10.7 mm SE_ LVD 3.0 0.51 mbar

B 5 aw Sooos 1300w 103mm 5t |vo 30 0simbor S
Fig. 7. SEM images and EDS results after heat treatment: (a)
T=500C°, (b) T=550C°, (c) T=600C° and (d) T=650C°
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The SEM images allow evaluation of the effect of heat treatment
on the degradation and removal of the enamel coating. At 500 °C
(Figure 7a), the cleaning of the surface remains incomplete, and
residual material is still visible. At 550 °C (Figure 7b), the surface
appears relatively uniform and cleaner compared with lower
temperatures, indicating effective removal of the insulating layer.
Above 550°C, the surface morphology progressively deteriorates.
At 600 °C (Figure 7c), the surface becomes slightly rough and
irregular. At 650 °C (Figure 7d), a significant increase in surface
roughness is observed, suggesting thermal alteration of the copper
surface. These observations indicate that excessive temperatures
may lead to degradation of the copper surface. Overall, the SEM
observations confirm that 550 °C represents the most suitable
temperature for the thermal pretreatment of fine enameled copper
wires, enabling effective removal of the insulating coating while
preserving the surface integrity of the copper.

3.4. Residue analysis results (after heat
treatment)

The results obtained (Table 3) show a clear evolution in the

chemical composition of the residues between 550 and 900°C.
These mainly contain carbon (~47-49%) as well as several
inorganic oxides commonly found in insulating enamel
formulations, notably SiO:, Al:Os, CaO, MgO, TiO., P:0s, and
K20. These compounds confirm that the residues mainly originate
from the thermal decomposition of the enamel (particularly
polyester-imides) [37,38,39]. The gradual increase in copper
content in the residues, from 0.88% to 55.27%, is due to the gradual
oxidation of the metal (formation of Cu.0O/CuQ), as well as the
physical disintegration of the wire caused by heat [35].
Simultaneously, certain volatile or semi-volatile elements, such as
Cl, S, Pb, and Zn, decrease significantly, indicating their partial
elimination as gases [40]. The presence of certain trace elements,
such as antimony, tin, or nickel, may result either from fire-
retardant additives incorporated into the insulation or from
contamination originating from metallic or processing sources.
These results highlight that, above 600°C, the residues no longer
solely reflect the degradation of the enamel but also include the
decomposition of the copper wire itself.
Table 3 values come from different techniques. XRF results are in
wt.% for oxides and elements, ICP results in ppm for trace
elements. These data are not a normalized mass balance; their sum
isn't expected to be 100 wt.%.

3.5. Microstructural inspection results (after
melting and casting)

Direct melting of enameled copper wires without prior heat
treatment is unsuitable for producing high-quality pure copper.
This is because the insulating enamels, made of resins and organic
polymers (such as polyimides R—(CO)—R’), decompose and
carbonize at high temperatures. These carbon residues can be
incorporated into the metal bath, leading to the formation of
internal defects or reacting with copper to form oxides (Cuz0,
CuO), which reduce purity [25]. This contamination is evident in

micrograph (a) (Figure 8), where dark inclusions appear within the
metal matrix. A high slag rate is observed, containing a significant
amount of unrecovered copper, requiring complex and costly
secondary treatments. Conversely, copper obtained after
preliminary heat treatment at 550°C, shown in micrograph (b),
features a more homogeneous structure with no visible defects,
indicating clean melting and purified metal. These results highlight
the importance of thermal pretreatment by pyrolysis before melting
to prevent losses and ensure metallurgical quality suitable for
electrical applications requirements.

Table 3.
Results of powder residue analysis by XRF (Wt. %) and ICP
(ppm )
Eleme El E2 E3 E4 ES Method
nt (550C°  (600C° (700 (800 (900
) ) C°) C%) C%)

Al203 3.26 3.01 2.69 394 338 XRF
CaO 1.57 1.76 1.81 1.62 1.59 XRF
Fe203 1.72 1.97 1.82 181 1.75 XRF
K20 0.65 0.97 1.12 121  0.88 XRF
MgO 0.38 0.41 0.55 0.83 0.76 XRF
P205 1.86 1.87 1.87 188 1.86 XRF
S 0.35 0.39 034 0.15 0.07 XRF
Si02 11.19 10.87 109 897 748 XRF
TiO2 1.01 0.97 0.89 052 0.58 XRF
Cl 0.73 0.54 027 024 0.24 XRF
Cu 0.88 3.33 253 498 553 XRF
Pb 0.61 0.56 035 031 0.16 XRF
Zn 0.31 0.26 028 024 0.18 XRF
C 48.97 46.87 49.0 48.1 47.6 XRF

As <7 <7 <7 <8 <8 ICP
Cd 1 <1 <1 <1 <1 ICP
Co 1 <3 <2 <5 <5 ICP
Li <3 <3 <3 <3 <3 ICP
Mo <10 <11 <10 <10 <10 ICP
Ni 13 17 11 23 15 ICP
Sb 28 29 34 35 27 ICP
Sn 87 83 91 86 77 ICP
Sr 5 5 5 5 5 ICP
Y 3 3 3 3 3 ICP

234 ARCHIVES of FOUNDRY ENGINEERING Volume 26, Issue 2/2026, 228-237



Fig. 8. Micrographic structure of the Smm wire: (A) untreated,
(B) after treatment at 550°C

Although the remelted copper after pyrolysis appears generally
homogeneous, small isolated features may occasionally be
observed, likely corresponding to minor oxide inclusions or
residual impurity phases typical of recycled copper.

3.6. Electrical conductivity measurement
results (after melting and casting)

After heat treatment at 550°C through pyrolysis, the wires were
washed and remelted to homogenize the copper and remove
volatile or non-metallic impurities. This process produced a denser
and purer 8 mm copper wire. The measured average electrical
conductivity is approximately 56.87 x 10° S-m, reflecting the
intrinsic quality of the recovered copper. The IACS (International
Annealed Copper Standard) value exceeds 97% (Table 5), with
copper purity reaching 99.95% (Cu-al), which meets the
requirements for copper wire intended for drawing in electrical
applications [41]. However, it is important to note that even after
treatment, traces of residual impurities (including stable oxides,
carbon, or trace elements such as sulfur and lead) may remain in
the matrix. These elements, known to increase the resistivity of
copper, explain the slight difference observed from the theoretical
value of 100% IACS.

In contrast, the conductivity of the 8 mm copper wire made
from directly melting untreated wires averaged only 54.5 x 10°
S'm™ (Table 4). This reduction in performance is due to the
residual presence of carbon, oxides, or other impurities from the

varnish, which can increase the electrical resistance of the material
and therefore decrease its conductivity [42].

Table 1.
Result of the electrical conductivity measurement of the 8 mm
copper wire obtained from untreated samples

Sample Conductivity (S.m-1) ICAS (%)

S1 55508917,2 94,88704

S2 53073396,9 90,72376

S3 549177354 93,87647

Average 54500016,5 93,16242
Table 2.

Result of the electrical conductivity measurement of the 8 mm
copper wire obtained from samples treated at 550°C

Sample Conductivity (S.m-1) ICAS (%)
S1 57224378.,6 97,81945
S2 56724100,7 96,96427
S3 566199494 96,78624

Average 568561429 97,18999

4. Conclusions

This study has demonstrated an effective and sustainable
method for recycling copper from fine enameled wires. Controlled
heat treatment in an electric pyrolysis furnace, following an
optimized profile (550°C for 82 minutes), efficiently removes the
insulation without changing the metal's shape or losing mass.
Analytical results show copper recovery of over 99%, with purity
above 99.9% before melting. After remelting, the 8§ mm wire
produced has a uniform microstructure, no visible defects, and an
average electrical conductivity of over 97% IACS, meeting the
requirements for wire drawing in electrical applications. In
contrast, direct melting without thermal pretreatment causes high
fire losses, metallurgical defects, and a notable drop in electrical
conductivity. This process, which is simple to implement and
accessible to small foundries, offers a promising solution for
effectively recycling fine enameled copper wire waste, while
helping reduce metal losses and promoting the circular economy.
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