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Properties of thin coatings deposited by physical vapour deposition on safety helmets

Marcin Jachowicz

*

Central Institute for Labour Protection — National Research Institute (CIOP-PIB), Poland

This article presents research on a new solution for industrial helmets improving mechanical and physical properties (tem-
perature resistance and reflection of infrared radiation). The application of known technology in a new personal protective
equipment area has been described in order to increase their level of safety and comfort of use. In this work we have studied
the effect of a selected magnetron sputtering coating method onto polymer substrates, such as acrylonitrile-butadiene—
styrene copolymer, polycarbonate, polyethylene, high-density polyethylene, polyamide, glass and silicon. Coatings made of
copper, aluminium, TiN and TiAl were used. This work aims at identifying the best substrates for coating deposition improv-
ing the quality of protective helmets. On the basis of the obtained results, it can be stated that the TiN coating provides the
best protection from infrared radiation and the best scratch resistance.
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1. Introduction

Many workplaces, especially in the sectors of metallurgy,
power engineering and founding, but also in the emer-
gency services, are exposed to hazards associated with
thermal radiation of high intensity. In such places, the cur-
rently used head protection equipment very often fails to
provide adequate protection in the form of thermal insula-
tion. In addition, industrial helmets subjected to infrared
radiation lose their critical protective properties such as
shock absorption ability, or puncture resistance, and the
users begin to feel tired more quickly. Currently, a single
reflective metal layer is frequently used in head protection.
Coatings of this type are often produced using physical
vapour deposition (PVD) methods [1-3]. It is also possible
to apply a coating consisting of many components, which
may be either a gradient or stratified in character [4-8].
The application of this technology poses challenges asso-
ciated mainly with the substrate material. In the case of
protective helmets, these are mostly plastics which should
be processed at a temperature below 100 °C. For this rea-
son, among others, magnetron sputtering has been selected
as the coating method [9,10].

Modern technology allows the design and manufac-
ture of thin nanocrystalline coatings according to assumed
parameters. The vacuum-plasma technologies used for this
purpose enable the development of modern, sophisticated
personal protective equipment (PPE) to ensure improved
protection of the user’s head without increasing the weight
of the equipment at the same time.

One of the modern methods of surface modification
used in the production of specialized tools and demanding

engineering structures, as well as in medical devices and
optical technology, is technology including PVD meth-
ods. One of these methods, magnetron sputtering [11-14],
allows the deposition of layers onto plastic substrates at a
temperature below 100 °C.

To this end, CIOP-PIB’s Department of Personal Pro-
tective Equipment had undertaken a research project aimed
at the development of modern coatings reflecting and
blocking infrared radiation, which also have high mechan-
ical properties in terms of hardness, adhesion and resis-
tance to oxidation. Such features are necessary in the case
of heavy-duty head protection equipment used, e.g., by
steelworkers, foundry staff, emergency services, firemen,
etc. This article presents the assessment of technological
potential in this area, together with the results concern-
ing the selected properties of protective coatings on plastic
substrates.

The novelty presented in this work is the application of
the well-known technology of applying thin coatings, and
its adaptation to the area of industrial protective helmets.

2. Methods and materials

2.1. Selection and preparation of substrates for coating
deposition
The most popular plastics used for the production of helmet
shells and face shields include acrylonitrile—butadiene—
styrene copolymer (ABS), polycarbonate (PC), polyethy-
lene (PE) and high-density polyethylene (HDPE) as well
as polyamide (PA) [15,16]. For this reason, it was decided
to choose substrate samples made from each of these
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materials. The specificity of the planned research (optical
studies) resulted also in the necessity to use two additional
substrates — glass and monocrystalline silicon. The plastic
samples of 7 cm x 7 cm dimensions were cut directly from
the helmet shells. Microscope slides were used as glass
samples, and silicon wafers as silicon samples. The surface
area of the produced samples ranged from 1 to 6 cm?.

Due to the different mechanical properties and chemical
resistance of the samples, two different methods for their
preparation were developed. Treatments associated with
preparation of the surface prior to deposition of coatings
aimed at attaining their better adhesion to the substrate.
Therefore, before each process, the PE, PC and PA styrene
copolymer substrates were washed in a detergent and hot
water. Subsequently, all of the substrates were dried with
a filtered air flow. Such a method of surface preparation
did not affect negatively the condition of the substrates and
allowed maximum adhesion of the applied coating.

Glass substrates and monocrystalline silicon were
washed in acetone using an ultrasonic cleaner. The times
for such treatment were selected experimentally and usu-
ally amounted to several minutes, as the impact of
ultrasonic cavitation erosion may affect the surface mor-
phology. The ultimate removal of trace impurities was
obtained by heating for a period of 1h in residual vac-
uum (1072 Pa), followed by purification by ion sputtering
in glow discharge plasma for desorption of gases incorpo-
rated into the surface, or removal of residual oxide layers
left over from the previous treatments.

The process of preparing the sample surface for deposi-
tion of coatings was carried out immediately before depo-
sition in each case. The samples prepared for coating were
mounted in special holders in the vacuum chamber of the
thin film deposition stands. The handles were constructed
in such a way as not to cover the area designed for coat-
ing application and at the same time to allow collision-free
movement of the sample suspended on the rotary table.

2.2.  Selection and characterization of the coating
method and apparatus

Magnetron sputtering was selected as the method to be
used for coating deposition. This technology allows the
processes to be carried out using reactive gas mixtures
containing carbon or nitrogen and separate power control
for each of the magnetron sources located in the vacuum
chamber. This allows virtually any chemical composition
of the coating material. Magnetron technology does not
make it possible to achieve such power of the processes,
and thus such mechanical properties of coatings as arc
technologies, but thanks to this the energy of the process
is not high. This allows deposition of the coatings at tem-
peratures below 100 °C, which makes it possible to use
plastic materials as substrates, while keeping high mechan-
ical properties, adequate for coatings protecting against
infrared radiation.
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Figure 1. Schematic drawing of the B901 device
(Hochvakuum, Germany) vacuum chamber.

Note: 1 = mass flow controller; 2 = shut-off valves;

3 = vacuum gauge head; 4 = table rotation engine;

5 = vacuum line connecting the chamber with a high vacuum
system; 6 = flap gauge; 7 = infrared radiator for load heating;
8 = rotary table; 9 = working chamber with @ 900

mm x 900 mm dimensions made of austenitic steel;

10 = polarization (negative) of the table with samples;

11 = water cooling of the magnetron discs; 12 = electric
power supply to the magnetrons; 13 = substrates for coating
deposition; 14, 15 = magnetrons; 16 = working gas flow;
Ar =argon.

To produce the layers, a B-901 device (Hochvakuum,
Germany) (Figure 1) installed at Lodz University of Tech-
nology’s Institute of Materials Science and Engineering
was used. Its chamber is equipped with four independent
WK-100 magnetrons (Dora, Poland) supplied by separate
power sources. It consists of two main units: a vacuum
chamber and a pumping system.

In addition to the magnetrons, the chamber is equipped
with probes to measure the initial and high vacuum, sight
glasses, a rotary table for mounting substrates and flow-
meters to control gas flow rates. It is also possible to clean
the surface of the samples in glow discharge plasma using
a specialized power supply unit to induce a glow discharge.

During the synthesis, the table with pendant samples
can be polarized with a potential of —50 V, and it can rotate
around the vertical axis of the vacuum chamber with an
angular speed of approximately 0.3 rads™!, which allows
for uniform deposition. The process temperature is mea-
sured by thermocouples placed inside the chamber and
connected to a millivoltmeter outside the chamber.

2.3. Selection of coating deposition process parameters

In each case, the synthesis of coatings on the selected sub-
strates is associated with the selection of process parame-
ters. The power of magnetron discs, the working pressure
in the chamber, the gas flows and the deposition time were
set so as not to exceed the process temperature of 100 °C.
It was assumed that coatings with defined chemical
composition and thickness, scheduled to be 1.7 £ 0.5 um,
will be obtained. Therefore, the chemical composition,
thickness and adhesion were measured after each process.
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Table 1. Deposition parameters.

Parameter Coating
Aluminium Copper TiN TiAl
Initial pressure (Pa) 5.00 x 103 5.00 x 1073 5.00 x 1073 250 %1073
Operating pressure 0.50 0.52 0.53 0.53
(with argon) (Pa)
Flow of N» — — 6.6% in 50 sccm —
Discharge current 6.30 4.76 6.95 5.60
(A)
Operating magnetron 1.00 1.00 1.30 1.00
power (kW)
Time of 1500 540 1800 2880

deposition (s)

Note: sccm = standard cubic centimetres per minute.

The obtained results enabled correction of the deposition
parameters during the next synthesis. The final selection of
deposition parameters is presented in Table 1.

Deposition of TiN coatings was preceded by spray-
ing pure titanium without the presence of nitrogen for
300s. After that time, nitrogen was introduced gradually
into the vacuum chamber up to 6.6% at a flow rate of
50 sccm, to obtain the desired TiN coating. TiAl coatings
were deposited using one magnetron as a TiAl alloy with
50/50% atomic ratio was used as a target.

After each process, the magnetron power supply was
turned off and flow of the working gas into the vacuum
chamber was cut off. The coated samples remained in the
vacuum chamber for a few hours, after which the chamber
was aerated and the samples were taken out.

3. Results of the parameter determination
3.1. Coating thickness

Coating thickness was determined using cross-sectional
imaging of samples made on silicon substrates. Scanning
electron microscopy (SEM) (S-3000N; Hitachi, Japan) was
used in this case. Examples of SEM images of individual
coatings deposited on monocrystalline silicon substrates

SEI x16,000 1um

Figure 2. Cross-section of monocrystalline silicon substrate
coated with aluminium.

SEI x14,000 1um
Figure 3.  Cross-section of monocrystalline silicon substrate
coated with copper.

SEI x15,000 1pm

Figure 4. Cross-section of monocrystalline silicon substrate
coated with TiAl

are shown in Figures 2—5. The thickness was measured
five times at different cross-section locations, and the
means calculated from the obtained results are presented
in Table 2.

The desired coating thickness was achieved in each
case. This allows the other intended parameters of the coat-
ing such as infrared radiation reflectivity, hardness and
adhesion to be obtained. Coatings of greater thickness may
be subject to cracking and peeling due to the magnitude of
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SElI  20kV
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x15,000 1pm

Figure 5. Cross-section of monocrystalline silicon substrate
coated with TiN.

internal stresses in the layers. Reducing such stresses, e.g.,
by annealing, is not possible due to the substrate material
which is not resistant to elevated temperatures.

3.2. Chemical composition

Studies of the TiN coating were conducted using an Hitachi
3000N with Thermo—Noran System (Thermo Fisher Scien-
tific, USA) scanning microscope [17,18] with an attach-
ment [19] manufactured by EDS (Noran Instruments
USA). The results obtained for the TiN coating are pre-
sented in Table 3.

Table 2. Coating thickness.

The presented result for the chemical composition of
TiN shows a negligible content of other elements that
should not be there considering the constituent elements of
the coating itself. This fact is due to the method of analy-
sis energy dispersive spectroscopy (EDS) and the relatively
small thickness of the studied coating. It contains elements
of small mass numbers, which are characterized by low
absorption of electrons. A characteristic feature of PVD
processes is that the coating and the substrate itself may
contain small amounts of other elements. During the inves-
tigation of the chemical composition, the primary electron
beam from the cathode of the scanning electron micro-
scope also induced electron transitions in oxygen and argon
atoms.

The results concerning the chemical composition of
TiN show approximately 55% titanium and 45% nitrogen
content, respectively. According to the information found
in the literature, such values allow positive verification of
the coating. In order to characterize its other properties and
evaluate its suitability for use on head protection equip-
ment, parameters such as hardness and adhesion will be
determined in further research.

The chemical composition was not studied in the case
of mononuclear aluminium and copper coatings, as well
as TiAl. They were synthesized, respectively, from alu-
minium and copper targets, and the target with chemical
composition 50% titanium, 50% aluminium. The chemical
composition of coatings obtained as a result of magnetron

Sample No. Coating
Aluminium Copper TiAl TiN

1 1.66 1.69 1.41 1.57
2 1.68 1.68 1.45 1.58
3 1.69 1.69 1.45 1.54
4 1.67 1.67 1.42 1.52
5 1.66 1.69 1.42 1.51
Average thickness (um) 1.672 1.684 1.43 1.544
SD (pum) 0.0130 0.0089 0.0187 0.0305

Table 3. Results concerning the chemical composition of TiN.

TiN deposition
Element Composition (% at.)  Measuring error (%) (%)
11

Nitrogen (N) 44.1 0.68 5000

Oxygen 1.53 0.23

Titanium (Ti) 54.12 0.24

Argon (Ar) 0.26 0.05

@ct3CO00O

0.000 keV

Note: at. = atomic; Si = silicon.
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sputtering processes conducted without reactive gases is
identical to the chemical composition of the used targets.

3.3. Microhardness

Microhardness measurements according to the Vickers
method [20] on the HV0.01 scale were performed using
a FH-1 device (Future-Tech, Japan). Each coating on each
substrate was measured five times. The average microhard-
ness value for each substrate is presented in Table 4.

The highest microhardness values were obtained for
the TiN coating on all surfaces. Additionally, the high-
est hardness of each of the coatings was obtained on the
PC substrate. This material is the hardest among all those
studied and therefore the thin coating layer underwent the
slightest deformation during the test. It is noteworthy that
all of the obtained results are characterized by a consid-
erable standard deviation. This is mainly due to the very
low hardness of the substrate. In addition, the test speci-
mens were not completely flat and were characterized by
a curvature of the surface face on which the measurements
of the impressions were performed. Due to their properties,
compressed plastics demonstrated an elastic reaction of the
substrate.

3.4. Adhesion of coatings to the substrate

The hardness and stiffness of the used substrates were
too low to enable a reliable measurement of adhesion by
the scratch test (Lodz University of Technology, Poland).
As demonstrated by the tests, the substrate underwent
significant plastic deformation after application of the load
and after the linear movement of the diamond penetra-
tor in a direction parallel to the substrate surface. Instead
of scratching the surface of the sample with the coat-
ing, destruction of the soft substrate occurred, even after
application of a load of approximately 100 g.

hardness with the Rockwell method on the C scale. The
test is based on identifying damage to the coating within
the impression area after the measurement of hardness and
comparing this with patterns on the 6-point hydrogen fluo-
ride (HF) scale (where HF-1 = best quality, HF-6 = worst
quality). Due to the large diameter of the impression in the
soft substrate material after the Daimler-Benz test, even
when taking photographs at the lowest possible magnifica-
tion, i.e., 50 %, the pictures show only selected fragments of
impressions. The sample images of impressions obtained
in the Daimler-Benz test, taken under the microscope at
50x magnification, are presented in Table 5.

The adhesion testing method used showed that the
highest quality of adhesion (HF-1) was achieved for all
coatings on all substrates. On this basis, it can be concluded
that the deposition process parameters and the method of
substrate preparation were correct.

The presented results concerning the basic parameters
of the layers clearly indicate that they can be used as
coatings applied onto helmets to protect against infrared
radiation.

3.5. Opftical studies

Optical studies were performed in a Cary 5000 spectro-
photometer (Varian, Australia). This method allows
determination of the transmittance—reflectivity properties
of optical radiation within the infrared spectrum for sam-
ples of materials, with no need to examine the complete
product. The results obtained made it possible to verify the
prepared coatings for their effectiveness in the reflection of
infrared radiation.

For the measurement of spectral characteristics of
reflection (R(1)), the ratio of the reflected flux (dg) to the
incident measuring beam (&) is determined for a partic-
ular wavelength. Spectral reflectivity (Rp())) is expressed
by the general equation:

Therefore, the Daimler-Benz method was used to Reih o 1
assess the quality of adhesion. This test involves measuring F(A) = 30’ (M
Table 4. Average values of microhardness for each surface.

Substrate
HDPE ABS PC PA
Average Average Average Average

microhardness microhardness Standard microhardness Standard microhardness Standard
Coating [HV 0.01] SD [HV 0.01] deviation [HV 0.01] deviation [HV 0.01] deviation
Copper 42 2.82 49 2.87 58 2.78 38 493
Aluminium 68 2.39 65 3.65 85 2.51 59 3.77
TiN 99 3.55 102 5.98 188 7.96 95 6.27
TiAl 48 3.81 88 4.58 148 3.72 38 421

Note: [HV 0.01] is a standardized symbol that expresses numerically the load value (in daN) per area unit of the penetrator impression
(in mm?2). Thus, the 0.01 record at the HV symbol means that the penetrator was loaded with a force of 0.1 N. Similarly, [HV 1] means
that the load is 10 daN. ABS = acrylonitrile—butadiene—styrene copolymer; HDPE = high-density polyethylene; PA = polyamide;

PC = polycarbonate.
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Table 5. Sample results for measuring the quality of
adhesion in the form of impression images taken under
the microscope at 50 x magnification on the HF scale.

Quality
of
Sample adhesion

HF-1

HF-1

HF-1

HF-1

TiN coating on PA

Note: ABS = acrylonitrile-butadiene—styrene
copolymer; HDPE = high-density polyethylene;
HF-1 = best quality; PA = polyamide.

Figure 6. The spectrophotometer chamber with the test
sample for which the spectral characteristic of reflection (R(A))
was measured.

Note: 1 = integrating sphere; 2 = test sample.

where Rp()\) = spectral reflectivity; &g = reflected flux;
®, = incident measuring beam.

In the case of measurement of the spectral reflectiv-
ity characteristics, the measurement geometry utilizing an
integrating sphere, which allows measurement of the total
radiation reflected and scattered from the surface of the
sample, should be used. Figure 6 shows photographs of the
Cary 5000 spectrophotometer chamber with a mounted test
sample.

To characterize the reflection parameters, the average
spectral reflectivity of an infrared wavelength range of
7802000 nm was used. This was determined from the
following equation:

1 2000 nm

R R(3) - da, 2

= 1220nm Jrgoum

where R = mean spectral reflectivity of infrared for
the 780-2000 nm wavelength range; 1/1220 nm = factor
introduced for the average reflectivity value considering
the value of the measuring step in the spectrophotometric
study, which is 1 nm; R(A) = reflection; A = wavelength.

Optic studies were conducted for all of the produced
layers to determine the reflection coefficient [21]. Tests
were performed for the coatings deposited on substrates
made of glass and monocrystalline silicon. Figure 7 shows
the correlations of relative reflectivity with wavelength
obtained in the tests performed on aluminium, copper, TiN
and TiAl coatings. On the basis of the known character-
istics, the mean reflectivity values were determined. The
results are shown in Figure 8.

Comparison of the determined average reflectivity
value for the test samples may indicate which coating
reflects most infrared radiation, on average, over the 780—
2000nm range. As can be seen clearly from Figure 8,
the sample with the TiN coating has the highest aver-
age value of infrared reflection. It is more than three
times higher than for the aluminium coating. Moreover,
a layer made of TiAl compared with aluminium and cop-
per coatings demonstrates almost twice the average value
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Figure 7. Correlation of infrared reflectance (R) with
wavelength.
Note: Al = aluminium; Cu = copper.
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Figure 8. Average relative values of infrared reflectivity.
Note: Al = aluminium; Cu = copper.

of infrared reflection. In terms of the infrared radiation-
reflecting properties, the TiN coating is definitely the most
effective.

Due to the approximately 1.5-um thickness of the
coatings, light transmission was not studied at this stage
because coatings of such thickness are impervious to radi-
ation.

4. Conclusions

In the research, the possibility of improving the properties
of polymeric materials used in the construction of protec-
tive helmets by thin-film coating was verified. Coatings
made of copper, aluminium, TiN and TiAl were deposited
on substrates made of ABS, HDPE, PC and PA materials
by magnetron sputtering. Such a new solution improves
their level of safety and increases the comfort of use.

Initially, the thickness and chemical composition of the
coatings were verified. Then, the microhardness test was
conducted and adhesion properties were measured. The
final stage of the study was to evaluate the reflective optical
properties of the samples (infrared reflectivity).

It has been stated that the TiN coating provides poten-
tially the best protection against infrared radiation which
can be used on plastic surfaces. It has the highest hard-
ness and ability to reflect radiation from all tested coatings.

Moreover, its adhesion to the substrate does not differ from
the adhesion of other coatings. Owing to the presence of
protective coatings, the helmet shell will absorb less energy
and will not be heated to an extent posing the risk of a
loss of its mechanical strength and shock absorption ability.
Reducing energy absorption is also associated with lim-
iting the temperature rise under the helmet, resulting in
improving the user’s comfort.

The obtained results will make it possible to continue
research into the application of the selected coatings onto
samples a few dozen square centimetres in size, as well as
models of protective equipment.
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