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The aim of this study was to test the usefulness of magnetron sputtering technology to produce coatings on se-
lected elements of a firefighter’s helmet to protect against infrared radiation (PN-EN 171 standard). The scope
of research includes testing the deposition produced via magnetron sputtering of metallic and ceramic coatings
on plastics, which are used to manufacture the components comprising the personal protection equipment used
by firefighters. The UV-VIS, NIR used to research the permeation coefficients and reflections for light and infra-
red light and the emission spectrometry with ICP-AES used for the quantitative analysis of elements in metallic
and ceramic coatings. Microstructural and micro-analytical testing of the coatings were performed using scanning
electron microscopy (SEM). Measurements of the chemical compositions were conducted using energy-dispersive
X-ray spectroscopy (EDS). The hardnesss of the coatings were tested using a indentation method, and the coating
thicknesses were tested using a ellipsometry method.
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INTRODUCTION

The basic feature of protective coatings used in personal
protection equipment is to improve their protective and
functional properties. There are three types of protective
coatings applied to structural elements comprising per-
sonal protection equipment made from plastic or glass:
paint, metallic, and metallic-dielectric (interference).

Metallic coatings are applied mainly on so-called see-
-through elements (e.g., visors). Thin metallic or metal-
lic-dielectric coatings allow optical spectral modification
for the transmittance and reflection characteristics in
visors. The following parameters should be used to
characterise the transmittance-reflective properties of
these coatings: light transmittance and spectral infrared
transmittance coefficients. The following coefficients are
used to characterise the aforementioned parameters® 2

— light transmittance coefficient (light transmittance
).

— average spectral infrared transmittance coefficient
over a wavelength range from 780 to 1400 nm (z,);

— average spectral infrared transmittance coefficient
over a wavelength range from 780 to 2000 nm (z);

— average spectral infrared reflection coefficient over
a wavelength range from 780 to 2000 nm (Ry).

The main research thrust in the production of protective
coatings used in structural elements of personal protec-
tion equipment is physical deposition methods from the
gas phase, i.e., PVD (Physical Vapour Deposition)*. The
coating deposition process using the PVD method is
conducted in a reduced pressure environment, frequently
utilizes ions and is characterized by a number of dif-
ferent physical adhesion phenomena including: vapour
deposition, sputtering, atomization, and implanting of
ions or metallic and non-metallic elements. The common
feature of these methods is the crystallization of metal
vapours or phases from plasma (PAPVD - Plasma As-
sisted PVD). Contrary to conventional procedures for
applying metallic coatings to materials, PVD allows the

production of thin layers of a predetermined structure
on a surface. The coatings may be deposited on a cold
substrate or one that is heated to between 200°C-500°C*.
The temperature required for deposition of a protec-
tive layer depends mainly on the type of the substrate.
However, it must be strongly stressed that any changes
to the PVD processing parameters have a significant
impact on the structure of the coating. The composition
and properties of the coatings deposited using the PVD
method depend on®:

— the speed of sputtering;

— the distance between the deposited material — target
and the substrate;

— the temperature of the substrate;

— the pressure of the reactive gas;

— the density of the evaporated or sputtered atoms;

— the degree of ionization of the reactive gas.

These parameters, together with the substrate proper-
ties (chemical composition, microstructure, topography,
etc.), determine the mechanical properties of the coatings.
The deposition of the coating using the PVD process is
not accompanied by chemical transformations and the
only changes are in the state of aggregation on the intro-
duced substance. The literature contains many reports on
the production of coatings applied on various materials
using the PVD method. One example includes thin layers
of transition metal nitrides’, which are commonly used
as protective layers due to their high hardness, chemi-
cal inertness and excellent abrasive resistance. Titanium
nitride (TiN) is noteworthy in this group. When titanium
nitride is applied on a material, it increases the wear
and tear resistance, durability and corrosion resistance.
In addition it has exhibited the ability to reflect infrared
radiation, which contributes to the creation of “heat mir-
rors”. However, its main disadvantage is its low oxidiza-
tion resistance in the temperature range from approx.
450°C-550°C. This phenomenon can be prevented by
modifying this layer to include small amounts of Al, Cr
or Si, which increase the oxidization resistance” . Other



compounds from the nitride group used for the creation
of layers possessing interesting properties may include
zirconium nitride (ZrN)? and chromium nitride (CrN)".
These layers also exhibit a high resistance to abrasion
and corrosion. In addition, ZrN performs an aesthetic
function by giving the coated layers a golden colour' 2,
However, aluminium modified CrN layers can be used for
higher temperatures®, have a higher hardness and a lower
friction coefficient'*'*. Depending on the quantity of the
administered Al in the CrAIN layers, these materials have
demonstrated stability at temperatures of up to 900°C".
At the same time, increases in the Al content in CrAIN
layers gradually reduce the thermal resistance, despite
improving the adhesion of the layer to the substrate!’.
However, there are a growing number of applications in
which the properties provided from a single coating layer
are insufficient. The latest research has focused on the
development of multilayer coatings with markedly better
physical and mechanical properties’® . One example
is multi-layer coatings using a vacuum sputtered solid
solution of indium oxide (III) and tin oxide (IV) (ITO)
and modification via reinforcement with carbon nano-
tubes (CNT)?, aluminium® or silver®. Another solution
concerns the application of antimony supplemented
with tin oxide (ATO), or the application of single-layer
tin oxide?® and titanium oxide due to the unique UV
radiation absorption properties of a SiO, layer, which
would act as an excellent thermal barrier””. Multi-layer
coating examples can include the use of dielectric layers
such as TiO, or multi-layer TiO,/SiO, layers deposited
on the surface of a material. These layers exhibit a high
reflectivity in the infrared range®® ?. The literature also
contains information on***' the production of coating
layers from metallic elements using PVD (physical va-
pour deposition) including: chrome, phosphor-bronze,
silver, copper and multi-layers of SiO,/Cu, or SiO,/Ag on
a polycarbonate substrate to protect the eyes and face.
The article® presents the characteristics of interference
filters designed to protect against harmful infrared radia-
tion using copper (Cu) and aluminium (Al). These filters
were fabricated using vacuum deposition techniques.

Over the years, significant progress has been made in
the development of materials used for personal protec-
tion equipment to modify their chemical and physical
properties. The latest types of personal protection, despite
benefitting from significant technical progress, still do not
fully protect against thermal threats for all tactical and
operational activities. The majority of applied personal
protection systems are insulating in nature and do not
protect the user fully against infrared radiation.

One thesis describes the use of magnetron sputtering
technology for deposition of elements including: Ti,
Cr, Ni, Al, N, and Si on components of a firefighter’s
helmet to create coatings to protect against heat from
infrared radiation in accordance with the PN-EN 171:2005
standard.

As part of this research, magnetron sputtering tech-
nology was used to develop coatings to protect against
infrared radiation in personal protection equipment.

Correlation of the information collected over the course
of the tests combined with the known conditions during
the coating process allowed the development of technical
guidelines for the production of protective coatings with
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transmittance-reflective properties using the magnetron
sputtering method.

EXPERIMENTAL SETUP

Material

The substrates for the protective coatings used in
these tests were 100 mm x 100 mm samples cut from
the structural elements of firefighter helmets including
the helmet shell, eye and face protection (visor) plas-
tic material. Structural elements of the helmet were
provided by Kaliskie Zaktady Przemystu Terenowego
w Kaliszu Sp. z 0.0. (KZPT/Poland). Polyamide 66 with
25% glass fibre content (Ultramid®A3XZGS5, BASF
The Chemical Company/Germany) was used to make
the helmet shell and a polycarbonate viewfinder was
used (LEXAN®141R, GE Plastics/U.S.). The materials
selected for use as protective coatings included Ti, Ni,
and Cr, which were administered onto the transparent
polycarbonate substrates. Ceramic coatings of AITiN,
Ti/N, and TiN/SiN were designed to cover the shell of
a firefighter’s helmet, additionally Al and Si were used.

Protective coating deposition method

The metallic and ceramic coatings were deposited us-
ing magnetron sputtering with two devices: a B-90 and
an SMK2K at the Institute of Materials Engineering,
Technical University of Lodz, Poland. Prior to disposi-
tion, each substrate was washed in water at 30°C using
a detergent (Chem-R Glass, CHEMPUR//Poland) and
then in isopropylene alcohol (BRENNTAG GmbH/Ger-
many) in an ultrasound washer (Sonic 6/Polsonic/Poland)
for 30 min. at a frequency of 40 kHz. Afterwards, the
samples were dried at 30°C £1°C for 30 min. *1 min.
and mounted using chromium-nickel wire in the vacuum
chamber of either the B-90 or SMK2K machines. During
the deposition of the PA/TiN/SiN and PA/AITiN coatings
on PA substrate, a mixture of 30% Ar and 70% N, was
used. Additional nitrogen was used (25 sccm) for coating
the PA/TiN/SiN, which was deposited via sputtering of
a target composed of a mixture of silicon and titanium.
The PA/AITIN coating PA substrate was deposited from
a target made from titanium and aluminium tiles laid
in an alternating pattern. The deposition of the PC/
TiN coating PC substrate was preceded by 8 mins. of
sputtering of pure titanium in the presence of nitrogen.
Afterwards, nitrogen was added to the vacuum chamber
to obtain the target coating. The deposition parameters
for the metallic and ceramic coatings selected for the
structural elements of the firefighter helmets are sum-
marized in Table 1. The list of non-modified and surface
modified samples used in the magnetron sputtering
process is presented in Table 2.

Testing of the hardness of the coatings

The analysis of micro-hardness (H) and the reduced
modulus (E*) of the samples was performed with the use
of NanoTest 600 apparatus (MicroMaterials Ltd., UK),
equipped with a diamond penetrator (Indenter) of Berko-
vich geometry. Everytime 10 indentations was executed on
each sample. The measurements were performed under
controlled conditions of temperature T = 23 =1°C and
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Table 1. Process parameters used for the deposition of the metallic and ceramic coatings on samples originating from the structural

elements of firefighter helmets

Parameter Method of Initial Temperature Working ﬁas Power in Deposmon . Rotation
Sample deposition pressure °C] pressure ow magnetron time Polarization samples
[Pa] [Pa] [sccm] [kW] [s]
The (Ar)
PC/Ti continuous 25107 50 0.4 155 0.5 720 0 NO
SMK2K ’
The s (Ar)
PC/Cr continuous 2510 50 0.4 135 0.5 240 0 NO
SMK2K )
The (Ar)
PC/Ni continuous 25107 50 0.4 200 0.5 300 0 YES
B-90 )
0.77 71
PAAITIN | The PUIse | 2510 50 (molar ratio | (A0 | (massratio | 14400 0 NO
Nz; 1001 Al Ti; 1:16)
30%/70%) o
The (N2)
PAITIN continuous | 2.2 107 50 0.4 ZAZF‘;’ 3.0 7248 0 YES
B-90 220
0.77 71
PATIN/SIN | T8 MRPUSe | 2510 50 (molar ratio | () | (massratio | 14400 50 YES
Nz 250 | §iTi; 1:16)
30%/70%) o

? gas pulse frequency (1.1 Hz).

Table 2. Non-modified and surface modified samples used for
the magnetron sputtering process

Marking of e
No. the Characteristics of the Comments
samples
samples
1 PC Polycarbonate
9 PC/Ti Polycarbongte with Ti
coating
Polycarbonate with Cr Transparent
3 PC/Cr - samples
coating
4 PC/Ni Polycarbongte with Ni
coating
PA Polyamide
PA/AITIN Polyamide ywth AITiN
coating Non-
) Polyamide with TiN transparent
! PAITIN coating samples
8 PA/TIN/Si Polyamide with
N TiN/SiN coating

the relative humidity of 60 = 5%. During the analyses,
the load force of the penetrator was controlled (,,Load
controlled” module), experimentally determined to Pmax
= 5 mN. The indenter was loaded up to the presumed
force Pmax at the rate of dP/dt = 0.5 mN/s, then it was
left for 10 s at the point of applying the maximum force
ad consequently relieved at the same rate. This allowed
for recording the course of curves of the penetration
depth in relation to force (ie. load-relief curves), on
the basis of which the micro-mechanical parameters of
samples’ top layers were determined.

Transmittance-reflection property tests

A correlation of the obtained values of the light
transmittance coefficient (z,) with the values of the low
spectral infrared transmittance coefficients (z, and 7y)
are a very important element of the assessment for the
viewfinders used in firefighter helmets. The determina-
tion of a filter protecting against infrared radiation may
be determined from the value of the light transmittance
coefficient. The maximum values for the spectral infrared
transmittance coefficients are then determined according
to the PN-EN 171:2005 standard.

There are presently no standardized assessment criteria
for non-transparent materials used to produce firefighter
helmets. Therefore, for some materials, a reference was
made to the infrared radiation reflection coefficient over
the wavelength range from 780 to 2000 nm. The assess-
ment of the selected elements of the firefighter helmets
containing the applied protective coatings was conducted
via a comparison of the average infrared transmittance
coefficient for the samples with and without the coatings.
It was assumed that the optical properties of the ceramic
coating applied on the non-transparent materials exposed
to infrared radiation should be at a level no lower than
that for the transparent elements. This means that the
average infrared radiation reflection coefficient over the
wavelength range from 780 to 2000 nm should not be
smaller than 60%.

A pair of two-beam spectrophotometers was used in
the tests:

— CARY S5E (Agilent Technologies/U.S.) — for the
measurement of spectral transmittance characteristics;

— CARY 5000 (Agilent Technologies/U.S.) — for the
measurement of reflection spectral characteristics.

Both spectrophotometers measure the spectral charac-
teristics of the transmittance, absorption and reflection
over the range from 180 to 3000 nm with a minimum
measurement stroke of 1 nm. The uncertainty of the
transmittance/reflection measurement was determined
to be 0.0001%.

Testing of the surface structure of the coatings using
the SEM-EDS method

Testing of the surface structure of the coatings was
conducted using a scanning electron microscope in field
emission mode (S-4700, Hitachi/Japan) equipped with an
energy dispersion spectrometer (EDS). The resolution of
the microscope in the SE mode was 1.5 nm (at 15 kV)
with a working distance of 12 mm. The spectra were
recorded at an induction voltage 15 kV. The spectra of
the characteristic X-ray radiation obtained using the EDS



detection system provided information on the elements
present in the sample by comparing the intensity of the
peaks corresponding to individual elements. This per-
mitted a semi-quantitative determination of the coating
contents. These studies were conducted at the Institute
of General and Organic Chemistry of the Technical
University of Lodz.

Determination of the elemental coating contents using
inductively coupled plasma atomic emission spectroscopy
(ICP-AES)

The individual contents of the elements in the samples
containing applied coatings were determined using in-
ductively coupled plasma atomic emission spectroscopy
(ICP-AES) in a spectrometer (IRIS/AP, Thermo Jarrell
Ash/U.S.). The calibration of the spectrometer was con-
ducted with the use of the ICP — MS category template
(“ICP multi — element standard solution VI for ICP-MS”/
Merck/Germany). Prior to analysis, the samples were
digested in an MLS 1200 (MILESTONE/Italy) using
microwaves and appropriately concentrated, spectrally
pure acids (HNO; and H,SO,). The results obtained from
the analysis were verified using control samples. These
studies were conducted at the Institute of General and
Organic Chemistry at the Technical University of Lodz.

Thickness testing

The thickness measurement of the coatings was per-
formed using variable angle spectroscope ellipsometry
via a spectroscope (V-VASE instrument, J.A. Woollam
Co./U.S.) over a spectral range from 300-1000 nm with
analysing beam falling angles of 65° and 75°. The coating
thickness tests using the ellipsometry method were ba-
sed on measurements of the changes in the state of the
polarization of monochromatic light reflected or trans-
mitted through the sample. Any light polarization was
determined using the relation between the amplitudes and
phases for two waves of linear polarization whose electric
field vectors are within falling plane of the analysing
beam on the sample (p) and in the perpendicular plane
(s). The determination of the thickness and/or sample
refraction coefficient via ellipsometry measurements was
performed by modelling the measured layers over the
course of a four-stage procedure:

— ellipsometry measurement;

— construction of a layered model corresponding to
the structure of the measured optical layout;

— adaptation of the experimental data to the assumed
layered model;

— calculation of the thickness and/or optical constants
obtained from the best adaptation criterion.

The thickness tests were conducted at the Centre of
Molecular and Macromolecular Studies in Lodz, which is
part of the network of the Polish Academy of Sciences.

RESULTS AND DISCUSSION

Hardness testing of the coating layers

The micro-mechanical tests allowed the determination
of the hardness of the metallic and ceramic coatings and
changes in the hardness values in relation to different
substrates: polycarbonate and polyamide. Table 3 lists
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the hardness values of the metallic and ceramic coatings
applied on the samples taken from the structural elements
of the firefighter helmets.

For the metallic coatings, the obtained hardnesses
were in the range from 223 +4 MPa to 241 =5 MPa,

Table 3. Nano-hardness of the metallic and ceramic coatings
applied to the samples taken from structural elements
of firefighter helmets

No. Sample H?I\r/(lj;\:]ss Reduced module [GPa]
1 PC 223 +4 3.6 0.0
2 PC/Ti 241 5 3.8 0.1
3 PC/Ni 225 +7 3.5+0.1
4 PC/Cr 205 +10 3.1+0.1
5 PA 186 +6 2.9+0.2
6 PA/AITIN 3446 +124 49.6 +0.1
7 PA/TIN 2267 +201 23.2+0.2
8 PA/TIN/SiN 846 +56 7.6 0.3

whereas for ceramic coatings, the obtained hardnesses
were in the range from 3446 *124 MPa to 2267 *201
GPa. The highest hardness was recorded for the PA/
AITiN case. The input of aluminium to the classical
material used for coatings, i.e., titanium nitride (TiN),
leads to fragmentation of the coating structure. The
input of aluminium in the TiAIN for industrial PVD
processes resulted in interference of the growth of TiN
crystals. The increasing aluminium content is accom-
panied by decreasing crystallite size, which results in
increasing hardness of these coatings. The presence of
aluminium substantially improves the TiN resistance to
oxidization as a result of the Al,O; coating created on
the substrate and the emission of Al,TiOs, which reduces
the diffusion of oxygen®* . An analysis of the results
demonstrated differentiation in the reduced module for
the tested ceramic coatings (E = 7.6 £0.3 GPa + 49.6
+0.1GPa). As for the metallic coatings, the reduced
modulus is at the same level of values (E = 3.5 =0.1
GPa + 3.8 =0.1 GPa).

Testing of the transmittance-reflection properties

The following values were calculated for the samples
with applied metallic coatings:

— light transmittance coefficient (light transmittance);

— average spectral infrared transmittance coefficient
over a wavelength range from 780 to 1400 nm;

— average spectral infrared transmittance coefficient
over a wavelength range from 780 to 2000 nm;

— average spectral infrared reflection coefficient over
a wavelength range from 780 to 2000 nm.

For samples with applied ceramic coatings, the follo-
wing values were calculated:

— average spectral infrared transmittance coefficient
over a wavelength range from 780 to 2000 nm;

— average spectral infrared reflection coefficient over
a wavelength range from 780 to 2000 nm.

The results of these tests are described in Table 4.

Comparing the calculated transmittance coefficients
from the tested samples (Table 4) with the requirements
defined in the PN-EN 171:2005 standard, it is clear that
none of the samples containing applied metallic coatings
(samples 1 to 3) meet the requirements. For the PC/Ti
and PC/Ni samples, the light transmittance coefficients
are 12.57% and 14.30%, respectively, which correspond
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Table 4. Transmittance and reflection coefficients of the tested samples containing applied metallic and ceramic coatings

Average spectral infrared transmittance coefficient . -
Light transmittance . T Infrared reflection coefficient R
A N
No. Sample coefficient 1, [%] from 780 to 1400 nm from 780 to 2000 nm from 780 EO 2000 nm
0 o [%]
[%] [%]
1 PC/Ti 12.57 12.42 11.51 54.48
2 PC/Cr 4.37 7.85 7.67 64.83
3 PC/Ni 14.30 12.10 10.21 61.66
4 PA/AITIN ! - — 17.40
5 PA/TIN — - — 46.32
6 PA/TIN/SiN — - — 34.99

to prepared filters at levels of: 4-3, 4-2.5, 4-2,4-1.7, 4-1.4,
and 4-1.2. For the PC/Cr sample, the light transmittance
coefficient is 4.37%, and corresponds to a filter level of
4-4. The average spectral infrared transmittance coef-
ficients over the range from 780-2000 nm for applied
metallic coating samples (PC/Cr and PC/Ni) have values
conforming to the requirements in the PN-EN 171:2005
standard. For all the samples, values larger than the
maximum value of average spectral infrared transmit-
tance coefficient over the range from 780 nm-1400 nm
were observed. A positive result was recorded for the
PC/Cr and PC/Ni transparent samples evaluated for
compliance with the criterion set for increased infrared
reflection. The testing of the reflection coefficient for
non-transparent samples containing ceramic coatings
indicated which of the tested coatings reflected the
most infrared radiation (on average over the entire
range from 780 to 2000 nm). The results presented in
Table 4 clearly indicate that the PA/TiN sample exhibits
the highest value of infrared reflection.

The surface layer for this sample constitutes the best
potential protection against infrared radiation, consider-
ing the series of samples containing the ceramic coatings.

Testing the surface structure of the coatings using the
SEM-EDS method

Images were taken of the polycarbonate substrate
(template) (LEXAN®141R) and metal layers deposited
(titanium, chrome and nickel), using scanning electron
microscopy to determine the morphology of the created
surfaces. EDS was used to determine the types of ele-
ments found on the surface of the tested samples con-
taining metallic coatings. Figure 1 shows an example of

9687 =mi 10807

the surface of the metallic Cr coating on a polycarbonate
substrate (LEXAN®141R) (PC/Cr) and its binary image.

The results of SEM-EDS tests conducted on the
metallic coatings for both the surface distribution of
characteristic X-ray radiation and the linear distribution
showed the presence of zones containing increased con-
centrations of Ti, Ni and Cr. SEM observations of the
metallic coatings exhibited even distributions of particles
and the fill space between the particles, confirming the
proper coating deposition conditions. The tested layers
do not appear to possess any visible cracks or holes.
Based on the SEM images, there is no evidence that
non-organic particles became embedded in the polymer
matrix. Based on the scale in the images, the tested area
possesses a coating containing micro- and nanometre
sized particles. This means that the metals present on
the surface of the polycarbonate substrates are found in
the form of single particles, as was confirmed thickness
tests using the varying-angle spectroscope ellipsometry
method, which showed thicknesses in the range from
13.5 nm =0.2 nm to 20.3 nm =0.5 nm (Table 5).

The tests on the polycarbonate substrate (LEXAN®141R)
(template) determined the presence of peaks related to

Table 5. Thicknesses of the metallic coatings on the polycar-
bonate substrate

No. Sample Thickness
[nm]
1 PC/Ti 13.5 £0.5
2 PC/Cr 20.3 0.5
3 PC/Ni 17.2 £0.2
4 PA/AITIN 143.5 0.5
5 PA/TIN 147.3 £0.3
6 PA/TIN/SIN 151.2 £0.2
C
20000
15000
10000
5000
Cr
f Al Cr
P A\
1 2 3 4 5 6 1 8 9 10
keV

Figure 1. Results of the SEM-EDS testing (surface and linear distribution) on PC/Cr



the presence of C and O, which result from coating
particles in the structure of the polycarbonate polymers.
Additionally, the presence of other particles was con-
firmed, including: Na, Br and Al, which are most likely
related to leftover catalyzers used in the production of
polycarbonates or originating from external environ-
mental causes.

SEM-EDS analysis included a polyamide -
Ultramid®A3XZG5 substrate sample with applied
ceramic coatings including: PA/TiN, PA/AITIN and PA/
TiN/SiN. The images of the template (substrate, Fig. 2)
clearly show areas where glass fibres are present.

Significant differences in the surface topography are
observed for substrates containing ceramic coatings, which
was confirmed by visual inspection. Figure 3 shows an
example of the surface of a PA/TIiN ceramic coating on
a polyamide substrate and its linear image.

The surface of the ceramic coatings shows corrugations,
cracks and significant unevenness. Over the course of
the cracks and on the extension of the cracks are locally
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observed areas that appear separated by a threshold area
or surrounded by a crack. The tests of thickness of the
ceramic coatings (Table 5) show, that they feature much
higher values of the thickness, compared to the metallic
coatings. The technological process of producing such
coatings was designed for obtaining higher values of
the coating thickness, compared to the metallic coatings
which should prove adequate transparency to visible light.

The spectrum of the characteristic X-ray radiation
obtained using the EDS detection system for a selected
microarea of the samples provided information on which
particles are present in the tested sample. Comparing the
intensity of the lines that correspond to the individual
particles, semi-quantitative elemental content informa-
tion was obtained. The EDS analysis of the surface of
the coatings performed in the area shown in the image
demonstrated the presence of these particles, which
were vaporized on the polyamide substrate. There were
also phosphorus, calcium, and zinc present in smaller
quantities. The presence of these particles is most likely

15 20000

10000

Ti
300004
25000
20000
= 150001
10000
5000 N Ti
Ti -
0 Al Ca Fe Zn
01 2 3 4 5 6 7 8 910
keV

Figure 3. Results of the SEM-EDS tests (surface and linear distribution) on a PA/TiN coating
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associated with leftover catalyzers, incombustibles or
other substances used in the production of the plastic.

Results of ICP-AES analysis

ICP-AES analysis included samples of polyamide —
Ultramid®A3XZG5 and polycarbonate LEXAN®141R
substrates and the applied metallic: PC/Ti, PC/Ni and
PC/Cr and ceramic coatings: PC/TiN, PC/AITIN and
PC/TiN/SiN. The purpose of ICP-AES analysis was to
provide a quantitative determination of the particles in
the metallic and ceramic coatings applied to the selected
substrates (Table 6).

The particles were determined in the sample of the
template (substrate) of polyamide — Ultramid®A3XZG5
ultimately used to produce the ceramic coatings were
Ti, Al, and Si. However, for the polycarbonate template
LEXAN®141R, the following particles were determined:
Ti, Ni, and Cr. The Ti and Al contents in the polyamide
substrate were 15.95 and 528.8 ppm, respectively. There
is a significant quantity of these particles in the plastic
that do not form a part of the polyamide chain, and they
are most likely leftover catalyzers, non-combustibles or
contaminants infiltrating the plastic during the production
process. For the polycarbonate (LEXAN®141R) template,
the quantities of Ti, Ni, and Si particles are small and
range from 0.14 ppm for Ni to 5.30 ppm for Ti. The Ti
content in the sample with the PA/TiN ceramic coating
was 1869 ppm. The N content was not determined because
the ICP-AES analysis was conducted in a vacuum and
the determined N content would be false. For the AITiN
ceramic coating, the determined quantities of titanium
and aluminium differed substantially and amounted to
927.00 ppm for Ti and 1237.00 ppm for Al. The higher
Al content in the PA/AITIN coating may be caused by
the method of vaporization of the coating or the higher
relation of this particle to the polyamide substrate. By
comparing the results of the ICP-AES tests to the SEM-
-EDS tests, a correlation between the obtained test
results can be observed.

For example, the peaks on the linear distribution from
the SEM-EDS from the PA/AITiN sample exhibit a hi-
gher content of Al compared to Ti, which is confirmed
from the ICP-AES method results. The ICP-AES tests
performed on the TiN/SiN coating confirmed the results
of the SEM-EDS analysis and the linear distribution
shows that the peak corresponding to Ti has the highest
value. The particle contents in the samples with applied
metallic coatings of Ti, Ni and Cr are similar and amount
to: 29.58 ppm, 30.25 ppm and 28.83 ppm, respectively.
Similarly to the ceramic coatings, the metallic coating

tests also demonstrated correlations between the ICP-
-AES and SEM-EDS analysis results.

CONCLUSIONS

In this work, we have performed feasibility tests using
magnetron sputtering technology to produce coatings
on selected structural elements of firefighter helmets
to protect against infrared radiation in accordance with
PN-EN 171.

The following parameters were used to characterise
the transmittance-reflection properties of the developed
coatings:

— light transmittance coefficient (light transmittance);

— average spectral infrared transmittance coefficient
over a wavelength range from 780 to 1400 nm;

— average spectral infrared transmittance coefficient
over a wavelength range from 780 to 2000 nm;

— average spectral infrared reflection coefficient over
a wavelength range from 780 to 2000 nm.

For metallic coatings envisioned in the use of view-
finders in firefighter helmets, the value of the light
transmittance coefficients and infrared transmittance
coefficients over a range of 780-2000 nm were at le-
vels corresponding to the marking of the filters: 4-3,
4.4,4-25,4-2,4-1.7, 4-1.4, and 4-1.2 according to the
PN-EN171:2005 standard. The results obtained in this
study demonstrate that for cases regarding these coatings,
the maximum value of the average spectral infrared
transmittance coefficient occurred over the range from
780-1400 nm. For the transparent samples, a positive
result was recorded for the PC/Cr and PC/Ni coatings
when tested to determine if they would fulfil the crite-
rion of increased reflection of infrared radiation. The
ceramic coatings on the non-transparent material, which
possessed an infrared reflection coefficient in the range
of 780 to 2000 nm were characterized by low levels of
infrared radiation blockage (below 60%). For this reason,
these coatings were disqualified for use in the personal
protection equipment used for protection against infrared
radiation. The appropriate direction of further studies
for both transparent and non-transparent construction
elements for firefighter helmets should concern testing
of metallic coatings. Testing on metallic coatings applied
on the viewfinders of helmets should aim for developing
a coating using magnetron sputtering. The coating pro-
perties should allow the elimination of the necessary
wavelengths so that the transmittance coefficients in
the infrared would conform to the requirements of the
standard PN-EN 171:2005 for two wavelength ranges

Table 6. Results from the determination of particles in the metallic and ceramic coatings

Contents [ppm]
No. Sample Ti Al Si Ni Cr
LEXAN®141R
1 (template) 5.30 - - 0.14 0.32
2 PC/Ti 29.58 — — — —
3 PC/Ni — — — 30.25 —
4 PC/Cr — — — — 28.83
Ultramid®A3XZG5
5 (template) 15.95 528.80 ND - -
6 PA/TIN 1869.00 — — — —
7 PA/AITIN 927.00 1237.00 — — —
8 PA/TIN/SIN 2005.00 — 861.00 — —

ND — not detected; detection threshold for Si 3.012 ppm.



(780-1400 nm and 780-2000 nm). For metallic coatings
used to modify non-transparent materials, further rese-
arch should likely examine nickel based coatings, as these
are characterized by high nano-hardnesses and high levels
infrared radiation shielding. In addition, SEM tests of
the metallic coatings demonstrated an even distribution
of the surface particles and appropriate degrees of fil-
ling of the spaces between the particles, confirming the
conditions used for the deposition of metallic coatings.

Based on the test results, we can conclude that the
magnetron sputtering method should be further develo-
ped for metallic coatings based on their structure, trans-
mittance-reflection properties and resistance parameters.
This methodology could provide an alternative to classical
vacuum deposition methods used to produce protective
layers in personal protection equipment.
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