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Abstract: The reliability of conductive yarns used for textiles is, among other things, affected by
washing and sweating as well as mechanical issues. This leads to corrosion of the metal surface
and to breaks. The aim of this work was to gain a better understanding of the influence of different
materials (metal as well as non-conductive cores) on electrical behavior and material loss. Different
yarns coated with copper, silver, NiCu and NiCuCo with nylon or polyester cores were investigated.
The coating thickness as well as the grain distribution was modified. The temperature distribution,
the displacements and the vacancy concentration in the metal grains were determined.
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1. Introduction

Currently, only a few simulations regarding thermo-electrical and mechanical behavior
are known [1-3].

After washing or dry-cleaning, the oxidation and/or corrosion of materials was re-
ported in [4]. A resistance analysis including the determination of material composition
with EDS was given in [5]. The metal around the plastic core of a conductive yarn is mostly
polycrystalline and therefore consists of metal grains which can have different material
properties in the direction of their axes. The interfaces (grain boundaries) are diffusion
paths for materials due to mechanical or electrical stress. If a material diffuses or migrates,
vacancies can occur.

2. Model Description

For the simulation, the finite element program COMSOL Multiphysics® [6] was used.
In Figure 1, the model of a part of a conductive yarn with different grains is shown.
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Figure 1. (a) Geometry of the model with simplified grains; (b) sectional image along the z-axis.
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The material properties were taken from the literature. The exemplary yarns in the
simulation consisted of a metal-coating/core: Cu/polyester; Ag/nylon like Shieldex®; and
NiCu/polyester and NiCuCo/polyester. The material properties are given in Tables 1 and 2.

Table 1. Yarn parameters and dimensions.

Parameters Dimension (um)
Length of the yarn 300
Radius of the core 25
Radius of the yarn with 25 um coating 50
Radius of the yarn with 15 pm coating 40
Radius of the yarn with 5 um coating 30
Radius of the yarn with 3.44 um coating 28.44
Radius of the yarn with 2.5 um coating 27.5
Radius of the yarn with 1 um coating 26
Radius of the yarn with 0.49 um coating 25.49

Table 2. Material properties of the materials used in the simulation.

Metal Coating/Core Cu Ag NiCu NiCoCu Nylon Polyester
Electrical Conductivity (S/m) 5.998 x 107 6.16 x 107 3.448 x 107 9.709 x 10° 1.00 x 10711 1.00 x 10713
Heat Capacity (J/ (kg-K)) 385 235 385 420 1700 1700
Density (kg/m?®) 8960 10,500 8940 8430 1150 1380
1.91 x 101 1.10 x 101
Young’s Modulus (Pa) 1.30 x 101! 9.00 x 100 1.24 x 101 2.35 x 10" 7.00 x 108 1.0 x 10°
6.70 x 1010 7.5 x 1010
Poisson’s Ratio 0.35 0.37 0.32 0.45 0.39 0.35
Thermal Conductivity
400 429 209 11.2 0.26 0.19
(W/(m-K))
Thermal Expansion _5 _5 _5 _5 _5 _5
Coefficient (1/K) 1.7 x 10 1.89 x 10 1.76 x 10 1.28 x 10 1.0 x 10 1.50 x 10

3. Simulation Results

A simplified model of a straight part of the yarn was built with an inner core and outer
metal in the form of grains. For the inner core and outer metal, different materials as well
as different coating thicknesses were investigated.

In Figure 2a, the temperature distribution in a yarn with missing grains is shown. A
local temperature increase was found. This led to an increase in material movement at
that position. In Figure 2b, the temperature depending on the applied voltage and the
current density that was thus achieved for different coating thicknesses from 1 um up
to 25 pm are given. Under the same applied voltage, it was found that the silver-coated
yarn showed higher temperatures compared to the copper-coated yarn. Furthermore,
compared to the copper-coated yarn, the thickness of the silver-coated yarn influenced the
maximum temperature.

In the second step of the simulation, the vacancy concentration was determined. From
the crystallographic point of view, vacancies are point defects where atoms are missing and
voids occur. It was found that the migration effect had a greater influence on thicker metal
layers compared to the thinner metal layers (Figure 3) with increasing voltage as well as
temperature. The reason for this was the higher material-dependent diffusion rate. The
higher the values, the more probable it was that holes in the metal layer might have been
created. The silver coating with 10 um thickness was strongly affected by the migration
effect and also might have had the highest risk of damage.
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Figure 2. (a) Temperature distribution in a yarn with missing grains; (b) temperature depending on
the applied voltage for copper and silver as the metal and metal thicknesses of 1 to 25 um.

Vacancy concentration

70
60
e copper 25um
==@==copper 10um
40
=== cOppEer Sum
i ==@= copper lum
== silver 25um
silver 10um
20
== silver Sum
10 el cilver lum
0 1
0.55 0.6 0.65 0.7 0.75
voltage[V]

Figure 3. Vacancy concentration depending on the applied voltage for copper- and silver-coated yarn
with a metal thickness of 1 um to 25 um.

In the third step, the displacements based on the vacancy concentration were calcu-
lated. In Figure 4, the exemplary displacement distribution for the different metal coating
thicknesses of 1 pm up to 25 um for the 0.55 V copper metal is shown. It is obvious that,
with the decreases in the thickness of the metal coating, the differences between the regions
also decreased. In the boundary area of each grain size region, the displacement was always
the smallest, and in the center area, the displacement was the largest. For the thickness
under 5 um, the maximum displacement of every region was the same. The direction of
displacement was towards the outer side of the yarn surface. This means that the diffusion
effect forced the metal coating to expand outward, while the amount of material on the
inside surface decreased due to migration to the outside.
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Figure 4. Exemplary displacement distribution for the different metal coating thicknesses of 1 um up
to 25 um for the 0.55 V applied voltage and Cu/polyester.

In the next case, the Cu/polyester; Ag/nylon like Shieldex®; and NiCu/polyester
and NiCuCo/polyester yarns with thicknesses of 0.49 pm, 2.5 um and 3.44 um were
investigated. The displacement increased with increasing voltage and coating thickness
(Figure 5). The maximum displacement for the NiCuCo coating was found to be the lowest.
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Figure 5. Displacements vs. applied voltage for Cu/polyester; Ag/nylon like Shieldex®; and
NiCu/polyester and NiCuCo/polyester yarns with thicknesses of 0.49 um, 2.5 um and 3.44 pum.

4. Conclusions

For different yarn coatings as well as coating thicknesses, the vacancy concentration
as well as the displacement were determined. It was found that silver was most affected
by the migration effect, followed by copper, and then the NiCu alloy, and the NiCuCo
alloy was the least affected. Furthermore, missing grains influenced the thermal—electrical
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as well as mechanical behavior. In future, the investigation of mixed materials as well
as a bended model will also be carried out. SEM and EDX analyses of different samples
concerning the metal thickness and material composition will be carried out to better adapt
these pre-analyses into real cases. In our investigation, we acquired better knowledge
about the influence of the grain structure as well as the material on thermo-electrical and
mechanical behavior.
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