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ABSTRACT

Conductive textiles are regarded as a promising candidate for the development of both lightweight and flexible
electrical components. On the other hand, the limited availability of high current electrical characterization
methods poses a technological barrier which restricts the assessment of their operational limits. This study in-
troduces a novel electrical testing method for conductive textiles and investigates the potential use of impulsive
current tests for the evaluation of the current intensity leading to material damage and functional failure. The
proposed methodology provides a framework for assessing the tolerance of conductive fabrics to transient high-
current loads and identifying failure thresholds, thereby supporting the development and design optimization of
conductive textiles for electrical protection applications, including protective garments for high-voltage envi-
ronments and aerospace composite structures. Herein, each conductive fabric specimen was subjected to a set of
8/20 ps current pulses of incrementally higher energy levels. Test results suggested the identification of a cor-
relation between samples' electrical discharge currents and their electrical resistance, providing a reliable means
to estimate the discharge current of any given conductive fabric. Moreover, morphological analysis of the
ablation gap conducted through Field Emission Scanning Electron Microscopy (FE-SEM) observations proposed
that heating due to electrical discharge is a localized phenomenon. The findings validate impulsive current
testing as an effective method for the electrical characterization of conductive textiles, thereby supporting the
development of advanced smart textiles applications.

1. Introduction

composite structures, each offering specific advantages depending on
the intended application. Woven fabrics are generally preferred when

In a world where electronics permeate everyday life, a key challenge
lies in the integration of electronic components into textiles. Therefore,
in recent years, researchers put considerable effort into identifying
methods to endow fabrics with electrical conductivity, while preserving
their flexibility and lightweight properties. In this context, smart textiles
materials are gaining significant interest.

Conductive fabrics find utility in a wide range of applications,
including stretchable sensors [1-5], flexible batteries [6-8], ELECTRI-
CALLY HEATING TEXTILES [9-11] electromagnetic interference (EMI)
shielding [12-14], antistatic devices [15,16], infrared absorption [17]
and protective clothing [18-20].

Conductive textiles can be manufactured using different textiles ar-
chitectures, including woven, knitted, nonwoven and fiber-reinforced
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dimensional stability and mechanical robustness are required, whereas
knitted conductive textiles provide enhanced flexibility and stretch-
ability for wearable electronics. Nonwoven conductive fabrics offer
lightweight and highly porous conductive networks suitable for multi-
functional sensing and electromagnetic shielding, while carbon fiber-
based textile composites have attracted increasing interest for struc-
tural multifunctional applications requiring high electrical conductivity
and mechanical performance [21-23].

Electrically conductive fabrics can be created by (i) incorporating
metallic wires during the weaving process, (ii) implementing electro-
conductive paths using sewing or embroidery methods and (iii) by
performing surface treatments [24,25].

Metallic filaments, typically made of silver, stainless steel, nickel,
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Table 1
Main characteristics of the commercial conductive fabric samples.
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Sample Fabric substrate Weave pattern Coating Additives Fabric thickness [mm] Coated fabric weight [g/m?]
Al PET Ripstop Cu - Ni - 0.135 100-120
Bl PA Ripstop Cu - Ni - 0.1 75

B2 PA Ripstop Cu - Ni Flame retardant UL94 VO 0.2 240

B3 PET Taffeta Cu - Ni Flame retardant UL94 VO 0.2 240

C1 PET Ripstop Cu - Ni - 0.09 80

C2 PA Ripstop Ag - Cu - Ni - 0.125 110

C3 PET Ripstop Cu - Sn - 0.10 120

C4 PA Ripstop Cu-Ag - 0.11 85

C5 PA Ripstop Ag-Cu-Sn - 0.12 81

C6 PA Ripstop Ag - 0.090 43

Cc7 PA Ripstop Ag Conductive Polyurethane 0.10 58

aluminum and copper, can be added into the textile structure to provide
electrical conductivity. However, some metals corrode easily, are diffi-
cult to process and reduce flexibility and lightness [26]. These aspects
have guided research towards the development of alternative solutions,
such as conductive polymer yarns (CPYs).

CPYs can be divided into two categories, namely bulk CPYs and
surface CPYs. While the former include intrinsically CPYs, polymer
yarns combined with metallic filaments or loaded with conductive ad-
ditives, the latter consist of polymeric fibers coated with conductive
layers, i.e., metals, conductive polymers, carbon nanotubes or carbon
black [27].

An alternative approach involves the deposition of conductive
coatings on fabric substrates, through processes such as printing of
metallic inks, electroless plating, electrochemical deposition, physical or
chemical vapor-phase deposition and spray coating. The process selec-
tion is dictated by different parameters, i.e., operating temperatures,
substrate and coating type and target application which includes coating
thickness requirements.

Printing techniques allow the local and direct deposition of
conductive ink and the patterning of conductive pathways on different
types of substrates at ambient conditions [24]. Both electroless and
electrochemical deposition methods guarantee coherent metal deposi-
tion, industrial scalability and can be performed on complex-shaped
substrates [28,29]. Vapor-phase deposition processes produce a broad
variety of coatings with different thicknesses to achieve varying con-
ductivity levels [30]. Finally, spray coating is a well-established tech-
nique for the deposition of uniform and adherent coatings on irregular
substrates like fabrics [31].

Although electrical conductivity is commonly characterized through
static parameters such as surface resistance, volume resistivity and sheet
resistance [32], these measurements are generally performed under low-
current steady-state conditions. Such conventional characterization
methods provide valuable information on the initial electrical properties
of conductive textiles but do not assess their ability to withstand high-
current transient events. During impulsive electrical loading, the
conductive network may undergo rapid joule heating, localized melting,
coating delamination, fiber degradation or irreversible changes in
electrical performance, phenomena that cannot be predicted from con-
ventional low-current measurements alone.

High-current impulsive events may occur in several practical sce-
narios, including lightning-induced currents, arc-flash accidents, elec-
trical faults, short-circuit events and transient overcurrent conditions
affecting protective garments, conductive composites and technical
textiles employed in aerospace. In these situations, conductive textiles
must preserve both their electrical functionality and structural integrity
under extremely short-duration current pulses.

In this context, few studies have addressed the behavior of conduc-
tive fabrics under high-intensity current exposure. In this regard, it is
worth citing the research work conducted by Cristancho et al. [33-35]
which focuses on the simulation of lightning discharge using pulses of
fixed current intensity and varying waveforms, i.e., 4/10 ps, 8/20 ps,

10/350 ps.

Herein, a novel approach is proposed to investigate conductive fab-
rics' operational limits by performing tests using 8/20 ps pulses at
incrementally higher energy levels. These tests are accordingly designed
to identify critical current values leading to the functional failure of the
material. The novelty of the present work lies not only in the develop-
ment of an impulsive current characterization methodology for
conductive textiles, but also in the identification of a predictive corre-
lation between the initial electrical resistance of a conductive fabric and
the discharge current corresponding to its electrical damage threshold.
This relationship provides a practical tool for estimating the current
tolerance of conductive textiles through a simple resistance measure-
ment, thereby reducing the need for extensive impulsive-current testing
during the preliminary assessment of new materials.

The proposed methodology can support the development of
conductive textiles for electrical protection applications, including
protective garments based on the Faraday cage principle for personnel
working in high-voltage environments, as well as aerospace composite
structures. By enabling the evaluation of the tolerance to transient high-
current loads and the identification of failure thresholds, the method
provides valuable information for material selection and design
optimization.

2. Experimental section
2.1. Conductive fabric test samples

The impulsive current tests were performed on Conductive fabrics
selected to represent a broad range of commercially available metallized
textiles for technical applications, including emi shielding, electrical
protection and lightweight conductive structures. The selected materials
cover different textile substrates (polyamide and polyester), weave ar-
chitectures and metallic coating compositions (Ag, Cu, Ni and Sn),
allowing the influence of these parameters on transient high current
tolerance to be investigated. Commercial samples, whose main charac-
teristics are shown in Table 1, were purchased from Ghiringhelli EMI
Shielding Products (Italy), Euro Technologies (Italy) and Shieldex (Ger-
many). LABORATORY-SCALE SPECIMENS, discussed in Section 3.6,
were obtained via electrochemical copper deposition process performed
on polyamide (PA) and polyester (PET) plain weave fabrics, on which
activation and electroless copper deposition were previously carried out.
Polyamide and polyester fabrics were selected as substrates owing to
their widespread use in technical and protective textile applications,
making them representative materials for the assessment of conductive
textile systems. For each fabric type four 5 x 1 cm samples were
obtained.

Surface morphology of the samples subjected to impulsive current
tests was investigated through a Leica stereomicroscope and a Merlin-
Zeiss Field Emission Scanning Electron Microscope (FE-SEM). FE-SEM
images were taken on previously platinum sputtered samples. Ther-
mogravimetric Analysis (TGA) was conducted by means of a TGA
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Fig. 1. Impulsive current bench test configuration.

ICG

Fig. 2. Voltage measurement points.

instrument Mettler Toledo in order to determine the metal fraction of the
commercial conductive fabric samples.

2.2. Bench test configuration

Impulsive current tests allowed the determination of the current
intensity causing material damage and the degradation in the functional
performance. The above-mentioned test configuration is shown in Fig. 1,
and it is mainly composed of an Impulse Current Generator (ICG)
Compliance Design M5 combined with a coupling network Compliance
Design 3CN. The ICG ensures the delivery of 8/20 ps high-energy current
pulses with an adjustable voltage ranging from 10 V to 6 kV, according
to the IEC 61000-4-5 standard [36]. The high energy pulses were con-
ducted to the samples through connecting cables and brass electrodes,
ensuring both mechanical support and electrical connection. To mini-
mize measurement artifacts associated with the electrical contacts, all
specimens were tested using the same brass electrodes, identical contact
area and constant clamping configuration throughout the experimental
campaign. The electrical connections were maintained unchanged for all
measurements, ensuring repeatable interface conditions and minimizing
the influence of contact resistance on the impulsive current measure-
ments. Contact resistance is recognized as a potential source of uncer-
tainty in electrical characterization, particularly for low-current
resistance measurements as discussed by tang et al. [37]. however, in the

ootk ]

present work, the investigated electrical quantities were obtained under
impulsive high-current conditions, where the measurements are domi-
nated by the discharge event rather than by the contact interface.

Current measurements were carried out through a Hall-effect current
sensor Tektronix A6303 powered by a Current Amplifier Tektronix AM
503. Voltage was recorded through a two-channel oscilloscope GW
Instek GDS-2062, aimed to perform differential measurements.

The voltage was measured directly between the two electrodes
holding the textile specimen (Fig. 2), thus corresponding to the total
voltage drop across the sample. The current signal is fed to a second
oscilloscope, which also communicates with LabVIEW Data Acquisition
Software. Time synchronization is implemented using a second current
probe, connected in parallel to the oscilloscopes' auxiliary inputs.

Material behavior was assessed by testing four 5 x 1 cm samples for
each fabric type, which was considered sufficient to capture the vari-
ability among samples and obtain representative mean values.

Samples were placed between the electrodes so that only a central 1
x 1 cm area was stressed during characterization. Preliminary testing
was carried out on the first sample by gradually increasing the ICG
voltage, with steps ranging from 50 to 250 V, in order to determine the
critical ICG voltage triggering electrical discharge and functionality loss
(Fig. 3).

The remaining samples were characterized by operating current
pulses around the previously determined critical ICG voltage value. This
procedure guarantees an accurate and consistent evaluation of the fab-
rics' behavior together with the assessment of current and voltage values
responsible for electrical discharge.

Power P and energy E involved during electrical discharges were
estimated from voltage V and current I signals by means of Egs. (1) and
(2) respectively

P=Vel (@D)]
toff
E— / P(t) dt @
ton

where t,, and tof are pulse onset and offset times.

Fig. 3. Electrical discharge induced on sample C3.
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Table 2
Electrical resistance of the samples: measured values (with standard deviation)
and manufacturer's stated value.

Sample  Measured mean initial electrical Stated electrical resistance
resistance [Q] [Q]

Al 0.236 + 0.092 < 0.05-0.08

Bl 0.083 + 0.004 < 0.07

B2 0.054 + 0.003 < 0.07

B3 0.072 + 0.001 < 0.07

Cl1 0.075 + 0.004 < 0.05

Cc2 0.017 + 0.002 < 0.009

C3 0.021 + 0.001 < 0.02

C4 0.040 + 0.005 <0.03

C5 0.029 + 0.002 < 0.02

C6 0.316 + 0.009 <0.3

Cc7 0.422 + 0.160 <0.3

The resistance R of the samples was assessed through a non-
destructive pulse, setting an ICG voltage of 250 V, according to Eq. (3).
\%

R:T 3)

Given the thermal diffusivity of copper, the main metal in the
analyzed fabric coatings, it can be stated that the heating induced by the
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electrical discharge is a highly localized phenomenon. More precisely,
by considering heat propagation governed by conduction only, the
thermal diffusion length within the region under test is approximately
50 pm over 25 ps. This suggests that heat remains confined in the
affected region rather than propagating across the entire sample.

The maximum local temperature Tpq. reached during electrical
discharge was thus roughly estimated applying Eq. (4), assuming in-
plane heat conduction and neglecting radiation,

E
Tmax = Tamb + E (4)
where Tgnp corresponds to the room temperature and C to the thermal
capacity of the samples, defined as the product between the mass of the
metal-coated fabric and the metal's specific heat capacity.

3. Results and discussion
3.1. Evaluation of the initial electrical resistance of the fabric samples

The electrical resistance of the fabric samples was evaluated by
means of low energy pulses in order to prevent damage. More specif-
ically, the ICG voltage was set to 250 V and for each material type four
measurements were performed to obtain an average value. The elec-
trical resistance plots were obtained from the current and voltage signals
using Eq. (3). As an example, Fig. 4 shows the resistance plot for sample
B2. For each sample the resistance value, reported in Table 2, was
determined as the arithmetic mean of the datapoints within the valley of
the plot. For some samples, resistance values higher than those stated by
the manufacturer were recorded. This deviation may be attributed to
surface oxidation of the conductive coating, which can increase contact
resistance and reduce the effective electrical conductivity of the
material.

3.2. Assessment of electrical discharge conditions

For each fabric type, the critical ICG voltage value triggering elec-
trical discharge was obtained by performing several impulsive current
tests at progressively higher energy levels. The recorded maximum
current and voltage values can be therefore plotted as a function of the
set ICG voltage.

As an example, Fig. 5 shows the above-mentioned plots for sample
B2, for which the electrical discharge was triggered by setting an ICG
voltage of 1650 V. The maximum current plot shows a linear increase
with ICG voltage, while the same trend does not apply to the maximum
voltage plot. In this case a steep increase can be observed at electrical

b

o
=]

80

60 -

Maximum voltage [V]

40}

1 L

1000 1100 1200 1300 1400 1500 1600 1700

20
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Fig. 5. a Maximum current vs ICG voltage plot for sample B2. b Maximum voltage vs ICG voltage plot for sample B2.
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discharge. asymmetric and characterized by a rise time ranging between 10 and 15

It should be noted that the damaging of the sample's coating causes
the air-gap discharge to be the actual conductive element of the circuit.
The electric arc resulting from high current availability is characterized
by an electrical resistance higher than that of the sample, thus
explaining the voltage peak.

As far as maximum power and energy are concerned, their values
were calculated applying Egs. (1) and (2), based on the maximum cur-
rent and voltage signals. With respect to sample B2 (Fig. 6), values of 52
kW and 0.75 J for power and energy respectively were found to induce
electrical discharge.

3.3. Investigation of the electrical discharge mechanism

In order to assess discharge behavior of every conductive fabric type,
three samples each were tested delivering pulses obtained by setting the
ICG at the previously detected critical value. As an example, Fig. 7 shows
current and voltage waveforms for sample B2. It can be noted that the
measured current replicates the pulse shape, which appears to be

ps and by a time to decay to one-half peak value of approximately 25 ps.
The pulse offset time is equal to 35 ps, being the point where the current
signal drops to 0 A. The subsequently recorded negative values are due
to instrumental artifacts and are irrelevant for test purposes.

The current waveform does not provide an indication of circuit
opening (corresponding to sample damaging), since the current con-
tinues to flow across the electrical discharge established between the
electrodes. On the other hand, the voltage measured directly across the
sample exhibits two distinct step-like variations. Before failure, the
measured voltage corresponds to the drop across the conductive fabric.
Once the coating is perforated and an electrical discharge is established,
the measured voltage corresponds to the electrode-to-electrode voltage
sustained by the discharge channel. The increase in voltage observed at
the onset of the discharge should therefore not be interpreted as the
steady-state arc voltage alone. Rather, it reflects the transient redistri-
bution of the voltage immediately following sample perforation and is
influenced by the dynamic response of the pulsed discharge circuit,
including parasitic inductive effects during the rapid current variation.
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Based on current and voltage signals recorded during electrical
discharge, it is possible to obtain power, energy, as well as electrical
resistance plots, shown in Fig. 8 for sample B2. The resistance signal
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shows an initial region with nearly constant behavior corresponding to
the sample resistance, followed by an upward-sloping segment related to
the parallel between the damaged sample and the electrical arc.
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Table 3
Outcomes of the impulsive current tests performed at electrical discharge
conditions.

Sample Mean Fitted Mean Mean Mean
maximum theoretical maximum maximum energy
measured maximum voltage [V] power [J]
current [A] current [A] [kW]

Al 374 4+ 30 384 118 £15 42 +8 0.79 +
0.14
Bl 400 + 8 400 112 + 43 35+13 0.58 +
0.20
B2 563 + 34 584 128 + 62 57 + 23 0.86 +
0.33
B3 440 £ 6 451 81+5 35+2 0.61 +
0.04
Cl 338 + 17 329 70 + 16 205 0.31 +
0.11
C2 733 £16 1753 73 £25 37 £12 0.37 +
0.22
C3 751 + 13 1777 82+ 25 46 +£11 0.51 +
0.24
Cc4 643 £ 6 941 84 + 20 40+ 3 0.71 +
0.08
C5 659 + 10 1073 72+ 18 51 +26 091 +
0.42
C6 176 + 17 216 139 + 41 22+4 0.37 +
0.07
c7 164 + 10 208 97 +£17 15+ 3 0.27 +
0.05

Current and voltage plots at electrical discharge for each material
type can be found in Supplementary Material. Different current trends can
be identified, which appear to be typical of the set ICG voltage, as
illustrated by representative examples in Supplementary Material
Fig. S1 and Fig. S5. More precisely, when the ICG voltage is set at values
lower than 2000 V (Supplementary Material Fig. S1) the current signal
reproduces the pulse shape. Greater values determine, by contrast, the
occurrence of a truncation of the main peak and of a local maximum at
times subsequent to pulse termination (Supplementary Material Fig. S5).
While the former is due to instrumental limitations, the latter can be
explained considering the presence of stray inductance in the ICG
coupling network instead. The coupling network consists of capacitors
and resistors designed to generate standardized impulse waveforms.
Whenever the sample does not conduct linearly, these components can
release energy at times subsequent to the main pulse.

The voltage signal exhibits step-like behavior only during sudden
sample breakdown, as observed for samples B2 (Supplementary Material
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Fig. S3) and C6 (Supplementary Material Fig. S9). A drift or a saturated
response (Supplementary Material Fig. S8) can be referred to the rapid
heating of the sample instead, causing an increase of electrical
resistance.

A more detailed analysis of the main peak truncation is derived by
examining the plot obtained from the mean maximum current values
recorded for each sample as a function of the ICG voltage (Fig. 9a).
While for set ICG voltage lower than 2000 V the current signal increases
linearly with the applied voltage, for greater values a saturation in the
current signal can be noted since the sensor's instrumental limit was
reached.

A reasonable estimate of the effective current to which a sample is
subjected can be made by assuming that the current increases linearly
also when applying ICG voltage values higher than 2000 V. This
assumption is plausible considering that the maximum current which
can be delivered by the ICG is expected to be 3000 A. The obtained fit,
shown in Fig. 9b, allows the estimation of the fitted theoretical
maximum current flowing across the samples, thereby overcoming the
limitations imposed by the saturation of the current probe. The theo-
retical maximum current values are reported in Table 3 together with
the measured average maximum current, voltage, power and energy.

Experimental data show that samples C2 and C3 experienced the
highest values of both measured and fitted current, yet were charac-
terized by the lowest voltages. This aspect can be explained considering
that the voltage across the sample was recorded through a two-channel
oscilloscope, which performs a differential measurement. Therefore, a
decrease in the sample's resistance leads to a loss of voltage signal res-
olution, since the measured differential voltage becomes negligible.

Although impulsive current signals exhibit a broad frequency spec-
trum, the present analysis assumes that conductive textiles behave
predominantly as a resistive element during the short-duration current
pulse. This assumption is justified by the limited dimensions of the
tested specimens and by the fact that the investigated degradation
mechanisms are mainly governed by joule heating and energy dissipa-
tion rather than by wave propagation phenomena. Consequently, the
initial electrical resistance represents an appropriate parameter for
correlating the electrical loading with the observed material
degradation.

By plotting both the measured (Fig. 10a) and fitted theoretical
maximum current (Fig. 10b) as a function of the electrical resistance of
the samples, a correlation between the physical quantities can be iden-
tified. Hyperbolic interpolations performed on measured and fitted
datasets enable the estimation of the current triggering electrical
discharge once the resistance of any given conductive fabric is known.
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Fig. 10. a) Correlation between the samples' electrical resistance and the measured current. b) Correlation between the samples' electrical resistance and the fitted

maximum current.
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Table 4
Estimated maximum local temperatures for polyester (PET) and polyamide (PA)
coated fabrics.

Sample Fabric substrate and metal coating Traz [°C] Tyqp [°Cl Ip
Al PET ripstop Cu Ni 201 1280 0
Bl PA ripstop Cu Ni 215 2203 1
B2 PA ripstop Cu Ni 113 818 0
B3 PET taffeta Cu Ni 87 342 0
Cl PET ripstop Cu Ni 124 3021 1
Cc2 PA ripstop Ag Cu Ni 116 2319 1
C3 PET ripstop Cu Sn 138 1797 0
C4 PA ripstop Cu Ag 256 3091 1
C5 PA ripstop Ag Cu Sn 349 1016 0
Cc6 PA ripstop Ag 390 1595 0
c7 PA ripstop Ag 228 542 0

As far as the fit carried out on the measured current is concerned, the
observed hyperbola flattening is attributable to the saturation of the
current signal.

3.4. Assessment of the temperatures reached during electrical discharge

The maximum local temperature reached in each fabric during
electrical discharge was estimated using Eq. (4) following two ap-
proaches: (i) assuming that heat-affected zone coincides with the area of
the sample comprised between the electrodes, equal to 1 cm?, yielding
Tyaz and (ii) considering the ablation gap area only, yielding Tgqp.

The ablation gap area was determined from stereomicroscope images
(Fig. 11), with a significant degree of uncertainty. For each sample a
damage identifiability parameter I, was defined, with a value equal to 1
when the damaged zone can be unambiguously identified and

0 otherwise. The identifiability parameter together with the estimated
maximum local temperatures, are reported in Table 4.

Calculations account for the combined mass of the fabric and metal
coating, assuming that heat transfer occurs via in-plane conduction and
predominantly out-of-plane radiation. As radiation is not strictly
confined to the normal direction, the reported temperatures are likely
overestimated.

For the computation performed at Ip equal to 1, the resulting Tgq,
appears sufficient to induce melting of the metallic alloy constituting the
samples' coating within the ablation gap.

It should be emphasized that the calculated temperatures are
intended as approximate estimates rather than exact values. The pro-
posed model is based on several simplifying assumptions, including
uniform energy distribution within the selected heat-affected region,
homogeneous material properties, negligible heat losses during the
impulse duration except for simplified conductive and radiative con-
tributions, and complete conversion of the dissipated electrical into
heat. Furthermore, the actual geometry of the damaged region is
irregular and only approximately represented by the measured ablation
gap area, introducing additional uncertainty. Consequently, the calcu-
lated temperatures should be interpreted primarily as order-of-
magnitude estimates, useful for assessing whether the temperatures
reached during the discharge are compatible with the melting or
degradation of the conductive coating, rather than as precise measure-
ments of the local peak temperature.

3.5. Quantification of the metallic fraction in the textiles

The metallic fraction of the conductive textiles was determined by
thermogravimetric analysis. Figs. 12 and 13 show thermogravimetric
curves for polyamide (PA) and polyester (PET) uncoated fabrics and for
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Fig. 12. Thermogravimetric curves for uncoated PA and for samples B1, C2, C4 and C6.
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Fig. 13. Thermogravimetric curves for uncoated PET and for samples Al and CI1.

Table 5
Mass fractions of the analyzed metallic coatings.
- - - - - Table 6
Sample Fabric substrate Metallic coating Coating mass fraction [%] Electrical resistance of laboratory scale-prepared samples.
Al PET Cu - Ni 23.1 s . .
Bl PA Cu-Ni 48.5 Sample Mean initial electrical resistance [Q]
C1 PET Cu - Ni 35.5 PET - electroplating 15 min 0.019 + 0.003
Cc2 PA Ag - Cu - Ni 73.6 PET - electroplating 30 min 0.016 + 0.001
Cc4 PA Ag - Cu 55.0 Cordura® - electroplating 15 min 0.013 + 0.004
Cc6 PA Ag 13.7 Cordura® - electroplating 30 min 0.010 + 0.001
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Fig. 14. Current and voltage signals at electrical discharge for sample PET - 15 min electroplating.

Table 7
Estimated discharge current values for fabric sample produced at laboratory
scale.

Sample Estimated discharge current [A]
PET - 30 min electroplating 1886
PA - 15 min electroplating 2296
PA - 30 min electroplating 2951

samples Al, B1, C1, C2, C4 and C6. The curves on uncoated fabrics show
the absence of residue, while the curves made on conductive fabrics
exhibit a minimum which corresponds to the metallic coating's mass,
listed in Table 5. As far as samples A1, B1, C1, C2 and C4 are concerned,
a subsequent upward trend can be noted, ascribable to oxide formation
at high temperatures.

3.6. Laboratory-scale samples

Impulsive current tests were also performed on laboratory scale-
prepared samples, which were obtained via an electrochemical copper
deposition process. As far as electrical resistance is concerned, the
measured values are listed in Table 6 and appear to be among the lowest.

Impulsive current tests suggested that the only sample experiencing
electrical discharge was PET - 15 min electroplating. Fig. 14 displays the
corresponding current and voltage signals where voltage step-like
behavior denotes, once again, the sample's damaging during electrical
discharge. The recorded values are 682 + 7 A and 1057 A for the mean
maximum measured current and the fitted theoretical maximum current
respectively. The estimate of the maximum local temperature reached
during electrical discharge resulted in a value of 1020 °C.

The remaining laboratory scale prepared samples, i.e., PET — 30 min

Fig. 15. a), b) FE-SEM images of sample C2 after impulsive current tests. c), d) FE-SEM images of sample C3 after impulsive current tests.
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and PA - 15 and 30 min electroplating, were not affected by any elec-
trical discharge since the available ICG was unable to produce pulses of
sufficient energy. Based on the relationship identified in Fig. 10b the
corresponding discharge currents can be estimated and their values are
listed in Table 7.

The same correlation was employed for the estimation of the
discharge current of sample PET — 15 min electroplating, for which a
value of 1606 A was obtained. The assessed value exceeds the actual
discharge current, and the discrepancy can be explained assuming the
presence of defects in the laboratory-scale coating.

3.7. Surface morphology

FE-SEM observations were carried out on the conductive fabric
samples that endured the highest currents, i.e., samples C2 and C3, to
examine their morphological features. Fig. 15a and c reveal the com-
plete lack of material in the area affected by electrical discharge, sug-
gesting possible vaporization of the metallic coating. In particular, an
ablation pattern can be noted, which appears to be parallel to the
electrodes and perpendicular to the current flow [33]. The localized
nature of the damage can be explained considering the reduced heat
diffusion length of the copper-based coating.

Moreover, the areas surrounding the ablation pattern are charac-
terized by the presence of agglomerates indicating polymeric fibers'
rapid melting and solidification. As displayed in Fig. 15b and d,
impulsive current tests led to a loss of support provided by the polymeric
fibers to the metallic coating. This behavior can be explained assuming
that the temperatures reached in the regions adjacent to the ablation gap
were sufficient to cause the melting of the polymer while not affecting
the metallic coating.

4. Conclusions

This study aims to provide an electrical characterization of
commercially available conductive fabrics and explores the potential
application of impulsive current tests for the assessment of the current
intensity causing material damage and functional failure.

Discharge behavior of each conductive fabric type was investigated
by performing several impulsive current tests at incrementally higher
energy levels, aimed to determine the critical ICG voltage triggering
electrical discharge.

Testing revealed a step-like behavior of the voltage signal, typical of
the sample's failure process. Instead, the current waveform does not
provide an indication of circuit opening. However, different current
trends can be identified and are found to be characteristic of the applied
ICG voltage. More specifically, for ICG voltage values lower than 2000 V
the current signal conforms to the pulse shape, whereas increased values
determine the occurrence of a truncation of the main peak. This effect is
attributable to the saturation of the current signal, resulting from
instrumental limitation. Beyond the validation of the proposed testing
methodology, the present study demonstrates that the initial electrical
resistance of conductive textiles can be used as a predictive parameter
for estimating the discharge current associated with electrical failure.
This finding represents a practical design tool for the rapid screening of
conductive textiles intended for applications involving transient high
current events.

Moreover, an estimate of the maximum local temperatures reached
by the samples suggests that melting of the metallic coating occurs only
within the ablation gap induced by the electrical discharge.

Finally, FE-SEM observations confirm the localized nature of the
heating phenomenon, as in the regions adjacent to the ablation gap the
temperatures reached are sufficient to melt the polymer fibers, but not
high enough to induce melting of the metallic coating.

Overall, the conducted study validates impulsive current testing as
an effective method for the electrical characterization of conductive
fabrics, allowing the assessment of discharge behavior as well as critical

Materials Science & Engineering B 333 (2026) 119787

current thresholds, while contributing to the development and charac-
terization of high-performance protective textiles.
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