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Abstract

We experimentally investigated the infrared properties of a set of steel textiles, prepared using
different type of fabrics. Infrared emission of the textiles was characterized in the mid-infrared range,
i.e. 8+14 microns, by observing their temperature evolution under heating regime with a focal plane
array (FPA) infrared camera. Standard test method for measuring and compensating emissivity using
infrared imaging radiometers was applied to the set of metallic textiles. The obtained experimental
results allowed to retrievethe infrared emissivity at different applied temperatures. Althoughtheir
infrared emission show some differences depending on the specific fabric, all the investigated textiles
composed of steel yarns appear to be suitable for thermal shielding applications. Finally, the measured
data were interpreted by means of the finite-difference time-domain (FDTD) numerical simulations as

well as using Plank’s theory of black-body radiation.



I. INTRODUCTION

The term infrared signature generically describes how objects appear to infrared sensors and represents a
critical property, in particular under night vision conditions [1]. The infrared signature of a given object
is determined by several factors, as its shape and size, its temperature and its emissivity, as well as
external conditions (i.e., illumination, surface quality, environment, etc.). One of the most challenging
tasks is to hide an object at a given temperature by altering its infrared signature [2]. By definition, the
IR spectrum is very wide, spanning the range from 0.77 pum to 100 pm, i.e. from red-light to Terahertz
radiation. However, only two atmospheric windows allow efficient IR transmittance, i.e. 3+5 and
8+14um, known as mid wavelength IR windows (MWIR). Outside these windows, attenuation of IR
radiation is strong, due to the role of CO> and H>O vapor in both absorption and scattering phenomena
[3]. For this reason the reduction of the infrared signature results an important topic within the above

mentioned IR windows.

The most efficient approach to reduce the thermal signature is to reduce the IR emission of a
given object. Selective thermal emission can be achieved by controlling material spectral absorbance or,
equivalently, by managing material emissivity. In the last years, several works have been made within
this frame, using both periodical [4-8] and randomly oriented structures [9-10], in the seek for
configurations that avoids complicated preparation steps and high costs. Very recently, several types of
metallic textiles have been realized and successfully employed for the shielding of electromagnetic
radiation in the visible and near IR regime (up to 1100 nm) [11] as well as in the radio frequency range
[12], including woven fabrics containing stainless steel wires [13] and stainless steel composite fabric
[14]. Considering thermal radiation shielding, some aluminum coatings and conductive metalized fibers
have been successfully investigated in the (20-40)°C temperature range [15] as well as some

multifunctional metal composite fabrics [16].



In the present work we show the thermal shielding properties in the mid-wavelength IR regime
of several textile structures composed of steel yarns, for IR signature reduction. The investigated textile
structures differ by fabrics (woven, knitted and non-woven) and metal content, all of them including
conductive yarns of stainless steel which determine the low absorption/emission properties within the
investigated mid-infrared range. These structures were characterized through air permeability tests.
Furthermore, a focal plane array (FPA) infrared camera (8+14um) was employed to investigate samples
emissivity at increasing temperature. The infrared thermography characterization, combined with
thermocouple measurements, allowed to retrieve an important parameter such as sample IR emissivity.
Finally, in order to give an interpretation of experimental results, the obtained data were interpreted by
means of the finite-difference time-domain (FDTD) numerical simulations as well as using Plank’s

theory of black-body radiation.

ILSAMPLE PREPARATION

The four different textile samples that we investigated are reported in Table 1. All samples were
produced by Bekaert/Bekintex NV (Wetteren, Belgium) and are made of stainless steel fibers which can
continuously withstand temperatures up to 700°C. In Figure 1 we show the digital images obtained by
optical microscopy from the different investigated fabrics, respectively. In order to compare the different
metallic fabrics, same magnification was employed for all samples. The first two samples (woven-1 and
woven-2) display woven structure (Figure 1a and 1b), which ischaracterized by an orthogonal crossing
of so called warp and weft yarns. Their thickness was measured according to the ISO 5084 standard (for
determination of thickness of textiles and textile products) and was found to be 0.5 mm. The third
sample (knitted) display knitted texture (Figure 1c). Knitted textiles consist of a number of consecutive
rows of loops. Due to their structure, these textiles are generally more elastic with respect to other textile

structures. Finally, non-woven fabrics (felts) are broadly defined as sheet or web structures bonded
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together by entangling fibers or filaments either mechanically, thermally, or chemically. Anon-woven
sample is displayed in Figure 1d andis 1.2 mm thick.

Air permeability test, according to ASTM D 737-96 standard (Standard Test Method for Air
Permeability of Textile Fabrics),was performed in order to characterize the metallic textile samples. This
method covers the measurement of the rate of air flow passing perpendicularly through a known area
under a prescribed air pressure differential between the two surfaces of a material. It is generally
employed for the characterization of textile fabrics and is applicable to most fabrics including woven
fabrics, knitted fabrics, layered fabrics, and pile fabrics. The value measured for three of the investigated
samples, expressed in units as 1/dm?/min, are reported in Table 1. Because the investigated non-woven
sample is made with a stainless steel woven scrim sandwiched between two needle felts, air filtration is
usually low, thus the air permeability was not measured for this type of fabric.Air permeability is a
significant factor for the characterization of such metallic textiles because it strongly depends on the
textile construction like the amount of warp and weft yarn per cm?. Having more yarns per cm? also
implies more metal content per cm?. In other words, air permeability gives an indirect information about
the metal content in the fabric: lower values of air permeability, correspond to higher metal content in
the textile, thus strengthening the thermal shielding performance.

Samples were further characterized using both Scanning Electron Microscopy and Energy
Dispersive X-ray Spectroscopy (SEM/EDS analysis). Quantitatively, the weight percent (wt%) of
elements such as oxygen, iron, chromium and nickel was measured with mapping scanning EDS
analysis and the obtained values are reported in Table II. Although the four samples display almost same
iron amount, there are some differences for the other elements. Typically, chromium (>12%) and nickel
8%) are commonly added to stainless steel to provide corrosion and oxidation resistance. On contact
with oxygen, a chromium oxide layer is formed on the surface of the stainless steel. This passive layer is

able to protect the underlying material from corrosion. As a consequence, the oxygen content in the



investigated stainless steel textiles, takes account of both (undesired) iron oxides and chromium oxide
passivation layer.
The air permeability tests along with the EDS analysis,are useful tools for the interpretation of

the infrared emissivity measured values, as shown in the last section.

lll. EXPERIMENTAL

Among the direct radiometric emissivity measurements, quantitative characterization of the infrared
radiation emitted by an object at a given temperature, also known as infrared thermography, can be
obtained using a calibrated IR-camera (i.e. radiometric camera). As already mentioned, the infrared
emissivity of the steel textiles was measured placing the textile sample in direct contact with the heat
plate. A hotplate holder was employed, acting as the heat source, allowing maximum heating
temperature +600 °C with fast heating-up by powerful integrated electrical heater, homogenous
temperature distribution and over-temperature protection inside the plate. A clear analogical display for
setting of temperature of the integrated heater allows to set the temperature with a resolution of ~20°C.
However, once the hotplate temperature is set with this resolution, the actual temperature is accurately
read by a thermocouple, which is placed in direct contact with the heating plate. In order to avoid
undesired oscillation of the heating current, a stabilized power supply was employed. A radiometric
forward looking infrared camera operating in the mid-infrared wavelength range (COX320) was used to
measure the amount of infrared radiation emitted by the different samples between 8 um and 14um,
providing detailed thermographic images. The FPA sensor of this radiometric imaging system is based
on a grid of 384x288 pixels, composed by uncooled A-Si microbolometer with pixel pitch of 25 um
(spatial resolution) and a thermal sensitivity (or noise equivalent temperature difference, NETD) of
60mK at 300K. The microbolometers present a spectral sensitivity response which is almost flat over the

wavelength range 8+14um included within the minimum and maximum value of ~ 0.9 and 1,



respectively. In order to prevent detector saturation the standard calibration range of the infrared camera
(-20°C to 120°C) was extended to high temperature detection mode (up to 650°C), thus the temperature
of sample holder could be increased up to 300°C. The infrared camera system was integrated with a
manual focus lens, having focal length of 40 cm. Details of the experimental setup are shown in Figure
2.

In order to prevent spurious thermal reflections on the sample surface, generated by external
environmental sources, the experimental apparatus was protected by black opaque shields, thus
confining the complete camera field of view (FOV).

The standard test methods for measuring and compensating for emissivity using infrared imaging
radiometers (ASTM E1933-99a), cover procedures for measuring emissivity of a specimen surface using
infrared thermography [17]. They include contact (using a contact thermometer) and non-contact (using
a surface modifying material —spray or paint- of known emissivity) methods [17]. Specifically, in our
laboratory we implemented a contact-thermometer setup for measuring the emissivity of the investigated
textiles.

For each set of experimental measurements, the steel textiles were kept in direct contact with the
heating plate. According to this method, first of all, the infrared camera was pointed at the specimen and
focused on the portion where the emissivity was to be measured. An appropriate infrared imaging
radiometer measurement function, such as area temperature, was employed to average and measure
sample temperature. Afterwards, the contact thermometer, which in our case is thermocouple Type T
(copper-constantan), was employed to measure the temperature of the same area of the sample. Then,
without moving the image, the computer’s emissivity control was adjusted until thermographic camera
indicates the same temperature as recorded with the contact thermometer. The indicated emissivity is

thus the measured emissivity of the specimen at the investigated temperature, at the operational range of



the infrared camera. The described procedure was repeated three times and then averaged to get an
average emissivity value, for each temperature point.

This method requires the specimen to be at a temperature that is at least 10°C warmer or cooler
than the ambient temperature. Potential errors can be minimized by ensuring the stability of the
temperature difference between the specimen and the ambient temperature during the test. Also the
emissivity measurement accuracy can be increased by increasing the mentioned temperature difference.
Furthermore, the calibrated infrared camera along with its built-in software allows the operator to input

ambient temperature incident upon the specimen, in order to compensate the reflected infrared radiation.

IV. RESULTS AND DISCUSSIONS

The obtained infrared emissivity measured as a function of temperature are plotted (with symbols) in
Figure 3, along with the corresponding fitting curves (solid lines, as described later). According to
Stefan-Boltzmann’s law, emissivity and the infrared emitted radiation (signal) are linked through the
fourth power of temperature. We thus evaluated an error of £8% for the emissivity measurement, since
temperature accuracy of +2% is reported in the technical specifications of the infrared camera.

The infrared emissivity properties of the investigated metallic textiles, were studied by means of
the finite-difference time-domain (FDTD) numerical simulations, using a commercial software
(Lumerical FDTD solutions). The spectral absorbance has been simulated, being the absorbance
proportional to the emissivity. The simulations were performed over a computational domain of
(180%180x140) micron®.For the first simulations the metallic textiles were modeled according to the
scheme reported in Figure 4a.In the FDTD cell the internal core of the metallic wires are represented by
four metallic (iron) cylinders having diameter of 140 micron disposed at the edge of a square (180180
micron?), thus leaving an internal hole of (40x40) micron?. In order to simulate the metallic fibers, each

core cylinder is covered with smaller iron cylinders, having diameter of 14 micron. Once the permittivity



of iron was taken into account, the resulting structure exhibits the spectral properties shown in Figure 4b
(red curve). Over the investigated spectral range, transmittance shows a low value of 5% while
reflectance is as high as 90%. According to Kirchoff law, the resulting emissivity is proportional to the
absorbance value, given by A=100-R-T= 5%. It’s worth to note that if the structure is only formed by
metallic cylinders, the obtained value is very low if compared with the experimental data.

In order to increase emissivity value, it was necessary to add some material which absorbs in the
investigated range. Considering the possible occurrence of steel textile oxidation, we thus improved the
design of the FDTD cell by adding some small cylinders of FeO», having diameter of 4 microns, in order
to reproduce the potential effect of distributed iron oxide on the overall spectral properties. FeO>
cylinders were thus disposed over the two crossed direction as shown in Figure 4c, with red colored
cylinders. Given the dielectric constants of FeO» [18] numerical simulations show that reflectance value
strongly decreases at 10 micron (R=53%), while transmittance still preserves a low value of 3%,
producing an absorbance peak of about A=44% (Figure 4b, blue curve). This numerical result points out
that in order to increase the emissivity values, the addition of absorbing elements within the textile
texture should be taken into account.

Given these considerations, in order to reconstruct the experimental data we employed Plank’s
law in the investigated temperature range, and retrieved the spectral dependence of emissivity, using a
nonlinear least square fitting procedure. The presence of two resonances in the absorption coefficient of
FeO,, within the investigated infrared range [18], suggested the use of two Gaussian oscillators
characterized by three different sets of parameters, i.e. the intensity factor (amplitude, 4), the resonance
frequency (center wavelength, B), and the broadening of absorption peak (line width, C) respectively.
Neglecting terms in the visible, we assumed a spectral emissivity €(1) in the infrared camera operational

range (715 micron) having this form:



e = Z?=1Aie_(c_i ; (1)

Specifically, the implemented least square fitting procedure employs the experimental input data
(emissivity vs temperature) and retrieves a spectral emissivity in the operational wavelength range of the
infrared camera, i.e. between A, and A,,,,, having a form given by Equation (1). The resulting
spectral emissivity minimizes the difference between experimental data and the theoretical fit obtained

using the following expression:

Amax 2hc?e(2)
Amin < (L) > ar
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e(T) = ; (2)
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Amin ( hc )
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Where /4 is the Planck constant, ¢ the speed of light in the medium and K the Boltzmann constant, being
€()\) the emissivity as a function of the wavelength.

Within the investigated temperature range, different emissivity values were found, standing for
different degrees of absorption in the four investigated textiles, as reported in Table I. We show in
Figure 5 the corresponding spectral emissivity curves obtained for the four samples. The area beneath
each curve, i.e. the definite integral calculated between the two boundary wavelengths, is evidently
proportional to the emissivity value in the investigated wavelength range. Furthermore, we added some
arrows to show some characteristic absorption bands, corresponding to the prominent peaks of typical
oxygen atom vibrational modes for metal oxide structures [19-20]. It’s worth to note that those

wavelengths where the emissivity equals to 1 are associated to a refractive index approaching unity



value [18], thus resulting in negligible reflectivity, i.e. similarly to the so called Christiansen wavelength
[21]. Following these considerations, we acknowledge that both iron and chromium oxide may display
these absorption features, thus this fitting procedure is not intended to discriminate the nature of the
oxide, but rather to provide an indication on the amount of the absorbing elements within the metallic
textile.

Once the obtained spectral response €(A) is introduced into Equation (2), the temperature
dependence €(T) can be retrieved and the result of the fitting procedure is finally observable, and shown
in Figure 3 with solid lines.

Metals typically show very high reflectance values in the IR range, thus for a metal-based textile,
the higher the metal content, in terms of either thickness or metal composition, the lower the emissivity
in the IR range. From the obtained results we can observe that non-woven and knitted textiles present
high emissivity values within the investigated wavelength range. Considering the EDS data reported in
Table II, the lowest chromium content (non-woven sample) as well as the lowest nickel content (knitted
sample) make them more exposed to oxidation process. As a consequence, their absorbance comes out
to be higher with respect to that of other investigated textiles. On the other hand, a reduced tendency to
oxidation is reflected in the lower infrared emissivity measured for samples woven-1 and woven-2, both
having high chromium and nickel weight percent (see Table II). Furthermore, air permeability tests,
denote that woven fabric construction strengthens the thermal shielding performance. The low air
permeability values (see Table I) obtained for woven-I and woven-2 samples, in fact, imply more

metallic yarns per cm?and thus more metal content per cm?.

V. CONCLUSIONS
In conclusion, we performed experimental characterization of metallic textiles composed by differently

assembled stainless steel yarns. Quantitative characterization of the infrared emissivity was retrieved by
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infrared thermography (from the infrared images obtained using a calibrated focal plane array (FPA) IR-
camera operating in the wavelength range 8+14 microns), by placing the sample in direct contact with a
heat source (hot plate). Emissivity measurements, along with air permeability tests and EDS analysis of
the specific textile, allow to evaluate the thermal shielding behavior of the specific textile. All the
investigated stainless steel textiles, in fact, consent to achieve efficient thermal shielding of the
underlying heat source, giving reduced apparent temperature (as read by the infrared camera) with
respect to the hot plate they’re put in contact with, due to their low emissivity values. As a potential
application, the obtained results pave the way to the design of customized IR shielding/emitting textiles,

by proper selection of the suitable fabric type and yarns’ geometrical parameters.
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Figure 1. Digital images of the investigated textiles obtained by optical microscopy. In order to compare
the different metallic fabrics, same magnification (25X) was employed for all samples: (a) woven-1, (b)

woven-2, (c) knitted, (d) non-woven (see Table I).
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Figure 2. Schematic drawing of the infrared thermography experimental setup.
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Figure 3. Experimental plot of the emissivity as a function of temperature (symbols) measured in the
LWIR range, i.e. 8+14 micron, for all the investigated samples (see legend). The continuous lines

represent the fitting curves obtained using Equation (2).
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Table 1. Experimental (average measured emissivity, air permeability) and theoretically calculated data
(emissivity as a function of temperature €(T), and oscillator constants of spectral emissivity (L)),

resulting from stainless steel textiles characterization:

Sample Average Air Average Calculated e(\): Calculated e(\):
measured  Permeability  calculated First oscillator Second oscillator
emissivity [l/dm*/min] emissivity A, B, C constants A,B,C constants

e(T) e(T)
Woven-1 0.461 300 0.461 0.99, 9.33,2.93 0.16, 13.00, 0.72
Woven-2 0.582 500 0.583 1.00, 9.96, 6.33 0.001, 15.86, 5.46
Knitted 0.679 1100 0.675 1.00, 9.37, 5.00 1.00, 15.75, 7.00
Non-Woven 0.699 - 0.706 0.99, 10, 11.59 -

Table II. Elemental analysis of the investigated stainless steel textiles obtained from Energy Dispersive

X-ray Spectroscopy (SEM/EDS).

Sample O wt% Fewt% Crwt% Niwt%
Woven-1 0 67.50 17.37 9.71
Woven-2 1.23 65.96 18.08 8.18
Knitted 0.70 74.93 17.21 3.95
Non-Woven 1.38 69.95 13.86 9.82
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