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In our research, both theoretical and practical approaches to the assessment of permeability of barrier
materials used to produce protective garments of an isolative type designed for body surface protection
have been studied. The main goal of this paper is to study the thermal resistance for a barrier material of the
ventilated anti-gas isolative garment OPCH-05 which is used in the conditions of the Czech Armed Forces
for the Chemical Corps specialists´ protection against the effects of toxic compounds. The thermal analysis
of samples was performed using the differential scanning calorimetry, the surface structural changes were
determined via the 3D optical profilometer and the gas permeation measurements were performed by
means of the integral permeation method. Based on permeation results, the appropriate time limits and the
temperatures of the exposure, during which the chemical protective garment could be securely used, were
evaluated.
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The Czech Armed Forces (CAF) individual protective
equipment (IPE) of an isolative type is designated for the
protection of the chemical corps (CCs) specialists´ body
surface [1,2]. It belongs to the category of reusable special
means of individual protection, which are expected to have
long-term resistance against a wide range of toxic
substances, mainly chemical warfare agents and toxic
industrial chemicals (TICs) categories both in their liquid
and gas phases [3-9]. The data on their gas or vapour
permeability reported by the manufacturers do not normally
include conditions for real interventions where, in addition
to the hazards caused by toxic substances (chemicals or
drugs), the danger of explosion, fire and the associated
high temperature affecting the material and human body
(especially skin and internal organs) must be considered
[10,11]. This short-term intense thermal stress can cause
partial degradation of the polymeric materials of the anti-
chemical garments and thus change their permeability.
For this reason, it is necessary to address the problem of
determining the approximate temperature range in which
their permeability does not change, namely in which
specific conditions anti-chemical garments can be safely
used [12-16].

The progressive development of the chemical,
pharmaceutical and textile industry [17], the associated
ability to perform operational tasks in the contaminated
environment, and the use of chemical weapons in military
conflicts led to the need to take protective measures to
eliminate the serious consequences of toxic substances
on the health status (respiratory, skin, cardiac, etc.) of the
CAF CCs specialists [18,19]. The basic principle of these
measures has been the creation of an effective polymeric
(or other) barrier that would separate the user of the IPE of
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isolative type from the external environment with the
possible occurrence of harmful chemicals [20-23].

The development, introduction and testing of the body
surface protection IPE have historically been based on the
principle of creating a suit with selective material that
would prevent the infiltration of toxic substances on one
hand, and on the other hand allow permeation of exhaled
air, body moisture and prevent undesirable thermal stress
[14,24-27]. In the first manufactured anti-chemical
garments, the active carbon was anchored in the matrix,
mostly in the polyurethane foam. A short service life has
been their biggest negative aspect. Since the components
of human sweat were also bound to the sorption layer,
rapid carbonation of the active carbon occurred, and it
caused the loss of its functionality. Other materials used
directly decomposed hazardous chemicals. These were
fabrics impregnated with reactive rubbers or enzymes with
such capabilities. For the perfect garment, Roth [27]
considered a material that would combine the properties
of the two above mentioned materials. That is, a
semipermeable membrane capable of decomposing and
absorbing undesirable chemicals while limiting heat stress
to a minimum. These requirements have not yet been
completely fulfilled [28-30].

The Isolative types of IPE made of impermeable
materials are used for the purpose of the CAF CCs
specialists´ body surface protection [31,32]. Their purpose
is to prevent permeation and penetration of toxic
substances. When performing professional tasks under a
variety of operating conditions, they are very often exposed
to heat stress. This problem is partly solved by ventilation
in the underwater space by means of air in pressure
cylinders or the use of cooling jackets [33-36].
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Determination of efficiency classes is expressed as
resistance to flame and as resistance to chemical
permeation. Resistance of body surface protection IPE to
chemical permeation is determined by testing procedures
according to EN 16523-2 [37-39].

Differential scanning calorimetry (DSC) is the most used
method of measurement [40,41]. There can be
distinguished two different ways of performing DSC analysis
[42,43]: differential scanning calorimetry with heat flux
(heat-flux DSC) and differential scanning calorimetry with
power compensation (power compensation DSC). DSC in
the framework of polymers characterization allows the
control of their origin, quality, thermal history, but also the
identification of unknown samples and the composition of
materials. In general, the sample is analysed at least in the
three-step cycle. The first is heating to a temperature
exceeding the melting point, followed by cooling the
sample to a defined state at a linear velocity, and finally,
the sample is heated repeatedly. The measurement output
is a comprehensive record of polymer properties, three DSC
curves that contain information about phase transitions
and chemical reactions running in a polymer sample over
a particular temperature program. These include, for
example, information about glass transition temperature,
mild heat melting and/or crystallization, crosslinking and
oxidation or degradation [44].

The mechanism of the chemical compounds transport
through the membrane is influenced by the properties of
permeating compounds and by the nature of the membrane
itself. Toxic compounds can to permeate materials of
protective chemical garments with two basic
mechanisms, by convection and diffusion [45].

Experimental part
Materials and methods
Differential scanning calorimeter

A Perkin Elmer DSC 4000 Differential Scanning
Calorimeter, based on the heat flow principle, has been
used for the thermal analyse of the samples of anti-gas
garments. Its main component is a single aluminium cell
containing two positions on which a reference and
measured sample is inserted. The samples are stored in
hermetic aluminium pans closed by pressing device Perkin
Elmer. The cell is continuously flushed with nitrogen and
the temperature of the samples is measured using
chromium alloy thermoelectric cells. Cooling is arranged
with the IntraCooler II external cooling device. The PyrisTM

software controls this device.

3D Optical profile-meter
The surface of the anti-gas garments samples has been

studied with the ZYGO NewView 8000 3D optical profile-
meter, which works on the principle of coherent scanning
interferometry, enabling non-destructive, non-contact
analysis [46]. A 10x magnification lens has been used and
the scanning length has been set to 40 µm. The results
have been processed using the MxTM software.

Integral permeameter
The gas permeability method has been used to detect

gas permeability through the materials of selected anti-
gas garments. The apparatus used (the manometric
integral permeameter) is shown in figure 1 and 2. The
apparatus is operated by means of valves V1 to V5. Its
main component is a stainless-steel permeation cell with
a porous metal washer. The actual active membrane
diameter is (30.00±0.02) mm and the volume of the
permeation part of the cell is (45.0±0.5) cm3. A connected

rotary oil pump (Leybold Vakuum) serves to evacuate the
appliance. The capacitive pressure gauge connected to
the computer automatically detects pressure in the space
under the diaphragm. A digital thermometer measures the
temperature at which the experiment runs. In this work,
experiments have been carried out at the room
temperature (24.8±0.8) °C. The error of determination in
permeation experiments has been determined by the
Kragten algorithm as a combined uncertainty of variables
from the calculation equation for each anti-gas garment
material [47].

Fig. 1. Schematic representation of a manometric integral
permeation apparatus

Barrier materials used for the anti-gas garments
Military anti-gas garments OPCH-05 are made of

isolative protective fabric TP-RUB-001-06. The polyamide
textile is covered with a butyl-rubber polymeric mixture on
both sides. The garment is manufacturer in ECOPROTECT,
Ltd Zlin, Czech Republic. The average thickness of the
samples in permeation measurements was 334.5±4.2 µm
and the weight in calorimetric measurements 11.5±0.4
mg.

Used gases
Nitrogen has been used as a model gas for the

calorimetric and permeation experiments because it has,
in general, low permeability and negligible interactions in
the polymers that could affect the properties of the material.
In addition, it is the dominant component of air. Nitrogen
was used at a purity of 99.990% (4.0) supplied by SIAD
Czech Republic, Ltd.

Measurement procedures
Calorimetric measurement

According to the template a sample of the anti-gas
garment material was cut out in the diameter of which
corresponded to the inner diameter of the bottom of the
hermetic aluminium pan. This ensures a uniform heating
of the sample, which is important for the accuracy and
exactness of the results. The sample has been
subsequently weighed and placed in the pan. The set has

Fig. 2. Manometric integral permeation apparatus
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been covered with a lid. The pan was pressed in the Perkin
Elmer presser, by hermetically closing and trimming the
margins to ensure that the same weight of all the mouldings
was obtained. Subsequently, the pan with the measured
sample was placed in the calorimetric cell along with an
empty pan that served as a reference.

In the PyrisTM software, a temperature program specific
to the studied chemical sample was created. The heating
phase for each sample was initially set from -50  to 400 °C
with a heating rate of 20°C/min. The results of these
measurements determined the temperature at which the
sample was completely degraded. According to this
temperature, in the other experiments, the maximum
heating temperature was adjusted so that complete
degradation did not occurs, and the samples could be
repeatedly exposed to the temperature program. This made
possible to track the reversible and irreversible changes to
which samples were subjected. A heating rate of 20°C/
min was used to shorten the experiment time and increase
the sharpness of the obtained peaks. If interesting changes
were found, the heating (cooling) speed was reduced. This
approach allows a more detailed study. Between each
repeated measurement, the sample pan was weighed,
and the percentage of weight loss of the sample was
determined.

3D optical profilometer
The surface of the sample was analysed before and

after exposure to a defined temperature. The attempt was
to scan the same part of the sample. If this was not possible,
characteristic, repetitive structures of the material were
searched. Moreover, changes caused by the elevated
temperature were evaluated. The difference between the
highest and lowest laid point of the surface profile was
calculated.

Permeation measurements
A sample of the circular shape of the desired size was

cut out from the material of the anti-gas garment according
to the appropriate scalpel template. The sample was
placed for a certain time in a dryer and heated to a defined
temperature after measuring its thickness. The
temperature and time were determined from the results
of the thermal analysis. A repeated thickness measurement
was carried out and a sample was placed in the permeation
cell on a porous metal pad. The membrane has always
been inserted into the direction of gas flow, the same side
that is exposed to the outside environment under realistic
conditions. A sealing ring was placed above the sample
and the cell was closed. At the beginning of the experiment,
all valves were closed, the pump was started and
subsequently the V5 and V4 valves were opened. After the
permeation, the space was exhausted, when the pressure
dropped below 0.050 mbar, the valve V3 was opened, and
the retentate part was pumped. The cell was pumped with
each new inserted membrane for at least 5 h. After this
time, the V3 and V4 valves were closed and the
spontaneous gas inflow was recorded for 10 to 12 min.
The measured gas was applied to the retentate side of the
membrane with the simultaneous opening of the V1 and
V2 valves. Since the measured materials reached very low
values of permeation the gas was not fed continuously.
The gas flow was stopped by simultaneous closing of the
V1 and V2 valves after about 5 minutes. On the permeate
side of the membrane, the gradual increase in gas pressure
was recorded until the maximum of the scale (1.359 mbar)
was reached. Subsequently, the experiment ended, and
the membrane changed.

Processing of measured data
Calorimetric measurement

Endothermic and exothermic changes of the material
were identified from the obtained calorimetric curves. Their
significance was derived from the absolute values of the
surfaces of the respective peaks. Temperatures at which
processes occurred were determined as intersections of
the line joining the beginning and end of the peak and the
linear extrapolation of the curve of the peak. These
temperatures were used for samples of anti-gas garments
before surface and permeation measurements. The
exposure times were calculated so that the samples
received the same heat at each temperature.

3D optical profilometer
The surface profile was found in the areas of the

designated pattern. Subsequently the difference between
its highest and lowest point was calculated for each
scanned sample using the MxTM program. Physical
changes related to the increasing temperature and the time
at which the sample was exposed were visually compared.

Permeation measurement
To calculate the permeation coefficients from the

experiments carried out, the following equation was used:

where V  is the cell volume on the permeate side, l  is the
thickness, A is the area of the membrane inserted, patm is
the pressure on the retentive side, R is the universal gas
constant, and dp/dt denotes the directive of the pressure
increase of the gas in the permeate part over time. The
macro in Microsoft Excel which first deduced from the
measured values the pressure increase caused by the
leakage of the apparatus was used to calculate the
particular directive.

Results and discussions
The sample of the military anti-gas garment OPCH-05

was first subjected to a temperature program up to 400°C
with a heating rate of 20°C/min. An enormous endothermic
peak appeared on the obtained DSC curve at 333°C,
possibly related to the total degradation of the sample. The
sample was reweighed, and three-quarters of its weight
loss was detected after the experiment. Only ash remained
in the open sample. The image of the sample before and
after the experiment is presented in figure 3. The
maximum temperature was reduced to 330°C and the rate
at 10°C/min in the subsequent temperature cycles. This
temperature program was repeated on the same sample

Fig. 3. Sample of the anti-gas military garment OPCH-05 before
(left) and after (right) the experiment

three times in total. Homogeneous curve is seen in figure
4 with the gradual heating of the sample.

The rate of the curve changes at 100 °C when a series of
competitive, endothermic and exothermic runs occurs. The
corresponding peaks are displayed again in the cooling
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curve and in repeated measurement cycles. It can
therefore be said that this is leading to irreversible changes
in the structure of the sample. Approximately in 30 min, at
330 °C, the mentioned endothermic peak (associated with
total degradation of the sample) begins to form on the
curve. It was found that sampling was self-opening at the
end of the measurement. It could be caused by the gas
evolution. The sample showed significant degradation and
its weight was reduced by approximately 50 %. The results
of the DSC calorimetry of the test sample of the anti-gas
garment OPCH-05 show its safe usability to approximately
100 °C. In order to confirm this endurance, a new sample
of the garment was tested again three times for a
temperature program up to 90 °C. No degradation related
events were detected from the DSC curve. The weight of
the sample did not change. The sample was free of visual

degradation after completion of the measurement and
opening the sampler.

3D optical profilometer
Figure 5 shows the 3D surface pattern of the OPCH-05

garment before and after exposure to 240 °C for a period of
15 min. It began melting and straining of the higher (red)
regions and their overall picking up. Lower areas (blue)
have deepened in contrast. The difference between the
highest and lowest laid points of the profile has increased
five times after the thermal load. Figure 6 shows the
changes in the membrane profile between the
characteristic areas associated with the application of
increasing temperature.

The profile was partly straightened, but gradually
declined with increasing temperature after exposure to 40
°C for 72 h. It took the initial form with a more pronounced
drop at 200 °C. After being exposed to 240 °C, however, it
was inflated. Behind this rapid change in trend, there are
irreversible apparently changes resulting from the
calorimetric measurements, which the sample is
subjected to between 200 and 210 °C.

Permeation measurements
Table 1 lists the temperatures and associated exposure

times that were exposed to samples of the tested material
of OPCH-05 anti-gas garment before the permeation

Fig. 4. Curves of DSC sample of the OPCH-05 garment studied by a
temperature program up to 330 °C with a heating rate of 10 ° C/min

(red - 1st cycle, green - 2nd cycle, blue - 3rd cycle, black -
temperature curve, arrows in the graph indicate the relationship of

curves to axes y)

Fig. 5. The 3D surface structure of the sample of the anti-gas
garment OPCH-05 before and after a heat load of 240 °C, 15 min

(white and black triangles denote the corresponding characteristic
areas)

Fig. 6. Surface profiles of OPCH-05 garment samples
exposed to different temperatures (measured always

between two characteristic areas)

Fig. 7. Dependence of permeation data of the material of OPCH-05 anti-
gas garment on exposure temperature

Table 1
TEMPERATURES AND EXPOSURE TIMES OF OPCH-05 SAMPLES

BEFORE PERMEATION MEASUREMENTS
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measurement and the results of the permeation
measurements of OPCH-05 anti-gas garment samples are
shown in figure 7.

Their average estimation error is 7.0 %. Overnight
exposure of 40 °C increased the transmittance only
minimally. At a longer exposure to this temperature,
however, a decrease in permeation was recorded. It can
be suggested that environmental chemicals were absorbed
into the sample at ambient temperature, which caused an
artificial increase in the permeation of the exposed sample.
These materials were desorbed during three days at 40 °C
and the permeation decreased. To confirm this hypothesis,
an experiment on the same sample was repeated after
one month, and the permeation value was found to be
1.55 bars. This increase can be explained by sorption and
also by the fact that the thermal load has decomposed the
impurities of the material, for instance stabilizers against
oxidation, UV light, for which the sample degraded more
rapidly.

The low permeability after a six-hour exposure at 80°C
can be explained by the same mechanism. Increased
values at a longer exposure at 80°C and at higher
temperatures can already be attributed to thermal
degradation. If the permeation value is assumed as a basic
one found after a three-day exposure at 40°C, it can be
claimed that the permeability of the material increases
with the increasing temperature and exposure time. Higher
permeation values at 200 and 240°C correspond to
endothermic changes found in calorimetric measurements
as well as changes in the surface profile. After a longer
exposure at 240°C, the sample collapsed, resulting in a
definitive loss of barrier properties. Table 2 contains the
calculated diffusion coefficients for measured samples of
the anti-gas garment of OPCH-05. Their more pronounced

Conclusions
Gas permeation through the samples was measured

using a manometric integral permeation method. It has
been found that the permeation rate increases with
temperature and time of exposure of the material of the
anti-gas OPCH-05 garment. The highest measured
transmittance values were 1.78 bars, after exposure to 200
°C for 1 hour. Although the permeation values associated
with unexposed samples increased from baseline values,
it should be noted that they are still very low, corresponding
to barrier materials. Therefore, higher temperatures within
the measured time do not cause significant changes in
the structure of the tested material, which could endanger
the user from the point of view of the permeability of the
harmful gases. The loss of barrier properties occurs only
after the material breaks. Regarding the anti-gas OPCH-
05 garment the loss of barrier properties occurs after 15
minutes at 240 °C.
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