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the deposition of fluoropolymer indicated 
the initiation of superhydrophobic behav-
iour, significantly supporting resistance 
against the degradation following lost 
mechanical strength [5].

PACVD modification of a textile surface 
should not affect the ballistic resistance 
and ought to prevent the stability of the 
above-mentioned functionality during 
long-term use and storage. Taking into 
account the above, the aim of the study 
was to evaluate: 
1) the effect of PACVD modification of 

both types of ballistic textiles: p-ar-
amid woven fabric and UHMWPE 
fibrous composites on the ballistic 
behaviour shown by the bullet- and 
fragment proofness, and 

2) the stability of the ballistic behaviour 
of the PACVD-modified materials 
during simulated ageing using tem-
perature or temperature and humidity.

 Materials
Textile materials
Two types of the ballistic textiles were 
used in the research:
n Woven fabric Style 363/120 (SAATI 

S.P.A, Italy), made of p-aramid yarns; 
n Dyneema® SB51 UHMWPE fibrous 

composite (DSM/The Netherlands) [6].

In order to perform tests of ballistic 
properties and accelerated ageing dur-
ing the optimisation research, ballistic 
insert model systems were designed, 
which constituted ballistic packets con-
sisting of:

n 38 layers of p-aramid woven fabric 
Style 363/120 (PACVD-modified or 
unmodified) 

n 22 unwoven sheets of UHMWPE fibres 
(PACVD-modified or unmodified).

After the process of accelerated ageing, 
the insert model systems underwent fur-
ther research for verification of the result 
stability of the process of modification 
with lowtemperature plasma in the pres-
ence of vapours of tetradecafluorohex-
ane (TDFH) or hexamethyldisiloxane 
(HMDSO) regarding their ballistic prop-
erties.

Substrates for PACVD (Plasma 
Assisted Chemical Vapour Deposition)
Dyneema SB51 was PACVD-modified 
using hexamethyldisiloxane (C6H18OSi2; 
HMDSO) from Sigma Aldrich, whereas 
for surface PACVD modification of p-ar-
amid woven fabric, tetradecafluorohex-
ane; CF3(CF2)4CF3; (TDFH), 99%, from 
Tokyo Chemical Industry/Japan was used.

Methods
Surface modification of Dyneema® 
SB51 by PACVD
The modification of Dyneema® SB51 
in glow discharges was performed in 
a commercial plasma jet – CD 400PLC 
ROLL CASSETTE (EUROPLASMA/
Belgium) according to [7] using the fol-
lowing process parameters:
n for PACVD-modified Dyneema® 

SB51: polymerisation in a stream of 
HMDSO at a flow rate of 0.032 Pa m3 s-1  

with a power of 100 W applied to the 
electrodes, for a time of 3 min. 
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Abstract
A comprehensive study was performed using the Plasma Assisted Chemical Vapour Depo-
sition (PACVD) modification of ultrahigh molecular weight polyethylene (UHMWPE) fibrous 
composites and paramid fabrics with the deposition of fluoro-or silane-like-polymer onto 
their surface. Research on the resistance to fragments was performed on the basis of our 
own testing procedure elaborated on the basis of the STANAG 2920 Ballistic Test Method 
For Personal Armour Materials And Combat Clothing, revision 2. The model insert systems 
made of the modified or unmodified unwoven sheets of UHMWPE fibres exhibited signifi-
cantly different trends of changes in fragment-proofness when the temperature together with 
humidity were applied as the ageing factors. In the inserts made of modified unwoven sheets, 
an increase in the V50 value was observed, while the V50 of the inserts made of unmodified 
sheets decreased along with the extension of the accelerated ageing process. Modification 
with low-temperature plasma in the presence of vapours of low-molecular fluorine- or 
silane-genic substrates altered the properties of the fabrics and unwoven sheets. PACVD 
modification allows to prevent the destructive influence of humidity during the aging process. 
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 Introduction
The stability of the ballistic protection’s 
performance during use and storage is 
a main factor affecting its safety. The ap-
plication of a physical barrier (semi-per-
meable textile covers) of ballistic inserts 
allows to partially limit the risk of deg-
radation of the ballistic materials accel-
erated by humidity (external – rain; in-
ternal – sweet) and/or temperature [1,2]. 
The possibility of the direct prevention 
of ballistic textiles and fibrous-originat-
ed composites, allowing prolongation of 
the safe use of ballistic protectors and 
to reduce the cost of manufacture with 
limitation of environmentally unfriendly 
wastes was the main aspects of [3,4].

The effect of accelerated ageing on the 
main physico-mechanical and structural 
properties was tested using PACVD-mod-
ified soft UHMWPE fibrous composites 
and p-aramid woven fabric with the dep-
osition of silane-like- or fluoropolymer 
onto surfaces. The accelerated ageing of 
PACVD-modified textiles confirmed the 
significant effect of the surface-deposit-
ed polymer on the main performance of 
the ballistic textile and a protection effect 
against the ageing factors, varying in re-
lation to the type of accelerated ageing 
factor used. 

Moreover the accelerated ageing of 
PACVD-modified p-aramid fabrics by 
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n for PACVD modified p-aramid Style 
363/120 woven fabric: polymerisation 
in astream of tetradecafluorohexane at 
a flow rate of: 0.032-0.064 Pa m3 s-1, 
with a power of 200 W applied to the 
electrodes, for a time period of 1 min. 

Accelerated ageing
The process of accelerated ageing of the 
ballistic insert model system (modified 
and unmodified variants) was carried out 
according to [7].

Research on the resistance to 
fragments
Research on the resistance to fragments 
was performed on the basis of our own 
testing procedure – PBB-26 “Ballistic 
tests. Determining the fragment-proof-
ness of a set of samples” elaborated on 
the basis of the STANAG 2920 Ballistic 
Test Method For Personal Armour Mate-
rials And Combat Clothing, revision 2.

Research on the ballistic limit velocity 
V50 with use of a 1.10 ± 0.03 g standard 
fragment of FSP 22 was performed for 
samples of 250 x 250 mm size, subject-
ed to thermo-stating at 20 ± 3 °C and 
relative humidity of 65 ± 5% for a time 
period not shorter than 5 hours. Fur-
thermore the packet was fixed on a test 
stand of dedicated design that allowed 
for testing samples of small dimensions 
(Figure 1).

The model insert systems were shot at 
least 4 times in a manner so that the hit 
spots appear at least 30 mm from the 
sample edge, fixing elements and pre-
vious hit points. The ballistic limit ve-
locity V50 (the velocity of a fragment at 
which the probability of piercing a ma-

terial being tested reaches 50%) was cal-
culated, as the mean of the three highest 
hit velocities resulting in partial pene-
tration and the three lowest hit veloci-
ties resulting in full piercing, provided 
that no difference between the velocities 
exceeded 40 m/s. In cases where the 
value of velocity difference exceeded 
40 m/s, the testing was continued until 
a difference no bigger than 50 m/s was 
achieved between the five highest and 
five lowest velocities.

Research on the resistance to bullets
The resistance to bullets was tested on 
the basis of the PN-V-87000:2011 Stand-
ard, with the use of a 7,62 x 25 TT bullet 
with a lead core and bi-metallic jacket 
of a mass of 5.5 ± 0.1g, at a velocity of  
420 ± 15 m/s (class K2).

The research was performed on samples 
of 250 x 250 mm, subjected to ther-
mo-stating at a temperature of 20 ± 3 °C 
and relative humidity of air of 65 ± 5% 
for a time period no shorter than 5 hours.
Moreover the research included assess-
ment of the number of penetrated layers 
of the insert model system as well as of 
the depth of the momentary, dynamic 
deflection of an insert by measuring the 
depth of deformation of the ballistic base 
behind the insert. 

 Results and discussion
Research on the resistance 
to fragments
Every test was performed on 2 insert 
model systems, with the calculation of 
V50 and Δ for each sample, and conse-
quent calculation of the mean of aggre-
gate results of 2 insert model systems.

The periods of accelerated ageing were 
chosen based on the experiments of 
previously completed research projects 
involving the accelerated ageing of bal-
listic materials, which concluded that the 
period between 28 and 42 days, which 
corresponds to 3 years of ageing of bal-
listic materials under real conditions, is 
critical concerning the changes in their 
properties. 

Research on the resistance to bullets
Figure 2 presents the dependence of the 
V50 of the ballistic model systems made 
of modified and unmodified woven fab-
rics on the time of the accelerated ageing 
process where the ageing factor was the 
temperature only. 

It was found that the greatest changes in 
V50 occurred after the first 28 days of 
accelerated ageing of the ballistic model 
systems, which corresponds to 2 years of 
ageing under real conditions. The trend 
of changes was similar for both ballistic 
model systems of modified and unmodi-
fied fabrics

The Figure 3 presents the dependence 
of V50 assessed for the ballistic model 
systems made of modified (A/M) and 
unmodified (A/N) p-aramid woven fab-
rics on the time of the accelerated ageing 
process where the ageing factor was the 
temperature together with humidity.

The introduction of an additional ageing 
factor – humidity, made the changes ob-
served more dynamic with a similar trend 
to that of the inserts aged with the tem-
perature factor only. The largest decrease 
in V50 occurred in the inserts made of 
unmodified fabrics (ca. 11% compared to 
the initial value after 42 days of acceler-
ated ageing). In the inserts with modified 
fabric, the decrease was lower by half 
(ca. 5% compared to the initial value).

Model insert systems made of modified 
or unmodified unwoven sheets  
of UHMWPE fibres 
Figure 4 presents the dependence of the 
V50 of the model insert systems made 
of modified and unmodified unwoven 
sheets on the time of accelerated ageing 
where the only ageing factor was the 
temperature. 

A similar trend of V50 changes to that of 
the model insert systems made of p-ara-
mid fabrics was observed in the inserts of 
modified and unmodified unwoven sheets, 
provided they were aged with the temper-
ature agent. No remarkable differences 
in V50 were observed in dependence on 
neither the time of accelerated ageing, nor 
on the modifications of the sheet’s surface. 

Figure 5 presents the dependence of the 
V50 of the model insert systems made 
of modified and unmodified unwoven 
sheets on the time of the accelerated age-
ing process where the temperature with 
humidity were the ageing factors.

In the process of ageing where the tem-
perature together with humidity were the 
ageing factors, a remarkable reduction in 
V50 was observed in the course of the 
accelerated ageing of the model insert 
systems comprising unmodified unwo-
ven sheets. In the case of the model in-

Figure 1. Test stand for fixing unconventional, 
small-sized test samples (250 x 250 mm). 

3.3. Research on the resistance to fragments 

Research on the resistance to fragments was performed on the basis of our own testing 
procedure - PBB-26 ’Ballistic tests. Determining the fragment-proofness of a set of samples”. 
elaborated on the basis of the STANAG 2920 Ballistic Test Method For Personal Armour 
Materials And Combat Clothing, revision 2. 

Research on the ballistic  limit velocity V50 with use of a 1.10 ± 0.03 g standard fragment of 
FSP 22 was performed for samples of 250x250mm  size, subjected to thermo-stating at 20±3C 
and  relative humidity of 65±5% for a time period not shorter than 5 hours. Furthermore the 
packet was fixed on a test stand of dedicated design that allowed for testing samples of 
small dimensions (Fig. 1.). 

 

Figure 1. Test stand for fixing  unconventional, small-sized test samples (250 mm x 250 mm)  

The model insert systems were shot at least 4 times in a manner so that the hit spots appear at 
least 30 mm from the sample edge, fixing elements and previous hit points. The ballistic limit 
velocity V50 (the velocity of a fragment at which the probability of piercing a material being 
tested reaches 50 %) was calculated, as the mean of the three highest hit velocities resulting 
in  partial penetration and the three lowest hit velocities resulting in full piercing, provided that 
no difference between the velocities exceeded 40 m/s. In cases where the value of velocity 
difference exceeded 40 m/s, the testing was continued until a difference no bigger than 50 
m/s was achieved between the five highest and five lowest velocities. 

3.3. Research on the resistance to bullets 

The resistance to bullets was tested on the basis of the PN-V-87000:2011 Standard, with the 
use of a 7,62x25 TT bullet with a lead core and bi-metallic jacket of a mass of 5.5 ± 0.1g, at a 
velocity of 420 ± 15 m/s (class K2). 

The research was performed on  samples of 250x250mm, subjected to thermo-stating at a 
temperature of 20±3C and  relative humidity of air of 65±5%  for a time period no shorter than 
5 hours. 

Moreover the research included assessment of the number of penetrated layers of the insert 
model system as well as of the depth of the momentary, dynamic deflection of an insert by 
measuring the depth of deformation of the  ballistic base behind the insert.  

 
4. Results and Discussion 

4.1. Research on the resistance to fragments 
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Every test was performed on 2 insert model systems, with the calculation of V50 and Δ for 
each sample, and consequent calculation of the mean of aggregate results of 2 insert model 
systems. 

The periods of accelerated ageing were chosen based on the experiments of  previously 
completed research projects involving the accelerated ageing of ballistic materials, which 
concluded  that the period between 28 and 42 days, which corresponds to 3 years of ageing 
of ballistic materials under real conditions, is critical concerning the changes in their 
properties.  

4.1.1. Research on the resistance to bullets 

Figure 3 presents the dependence of the V50 of the ballistic model systems made of modified 
and unmodified woven fabrics on the time of the accelerated ageing process where the 
ageing factor was the temperature only.  

 

Figure 3. Dependence of V50 assessed for the ballistic model systems made of modified 
(A/M) and unmodified (A/N) p-aramid woven fabrics on the time of the accelerated ageing 

process where the ageing factor was the temperature only 

It was found that the greatest changes in V50 occurred after the first 28 days of accelerated 
ageing of the ballistic model systems, which corresponds to 2 years of ageing under real 
conditions. The trend of changes was similar for both ballistic model systems of modified and 
unmodified fabrics 

sert systems made of modified unwoven 
sheets, a remarkable increase in V50 was 
observed in the course of the accelerated 
ageing process, though the interpretation 
of the phenomenon above is difficult.

Research on bullet-proofness
According to the requirements of the K2 
class of the model insert systems, tests of 
bullet-proofness were performed on the 
inserts before and after successive peri-
ods of accelerated ageing.

No case of full piercing occurred in the 
model insert systems made of textile 
materials subjected to modification with 
low-temperature plasma in the presence 
of TDFH or HMDSO vapours. 

In the unmodified samples, either based 
on the p-aramid fabrics or unwoven 

sheets of UHMWPE fibres, full pierc-
ing with the bullet was observed in the 
samples after accelerated ageing, con-
secutively in the model insert system 
based on the unmodified Style 363/12 
fabrics and on the unwoven sheets – after 
42 days of ageing where the temperature 
was the only ageing factor. 

The research included assessing two 
additional parameters: the number of 
the model insert system layers pene-
trated with the bullet and the depth of 
the temporary, dynamic deflection of 
the insert by measuring the depth of 
deformation of the ballistic base be-
hind the system tested. In the case of 
full piercing of the model system, the 
total number of layers was recorded as 
the number of penetrated layers, and 
the maximum permissible value of 

40 mm was recorded as the observed 
deflection. 

Model insert systems of unmodified  
or modified p-aramid fabrics 
The dependence of the mean value of the 
number of layers penetrated by a bullet in 
the model insert systems of modified and 
unmodified p-aramid fabrics assessed, on 
the time of the accelerated ageing process 
where temperature was the only ageing 
factor is presented in Figure 6.

In the inserts developed with the modi-
fied systems, a decrease was observed in 
the mean value of the number of fabric 
layers penetrated by the bullet, unlike the 
insert systems made of unmodified fab-
rics. However, the changes above were 
insignificant in the light of statistical 
analysis.

Figure 2. Dependence of V50 assessed for the ballistic model 
systems made of modified (A/M) and unmodified (A/N) p-aramid 
woven fabrics on the time of the accelerated ageing process where 
the ageing factor was the temperature only.

Every test was performed on 2 insert model systems, with the calculation of V50 and Δ for 
each sample, and consequent calculation of the mean of aggregate results of 2 insert model 
systems. 

The periods of accelerated ageing were chosen based on the experiments of  previously 
completed research projects involving the accelerated ageing of ballistic materials, which 
concluded  that the period between 28 and 42 days, which corresponds to 3 years of ageing 
of ballistic materials under real conditions, is critical concerning the changes in their 
properties.  

4.1.1. Research on the resistance to bullets 

Figure 3 presents the dependence of the V50 of the ballistic model systems made of modified 
and unmodified woven fabrics on the time of the accelerated ageing process where the 
ageing factor was the temperature only.  
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unmodified fabrics 
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Every test was performed on 2 insert model systems, with the calculation of V50 and Δ for 
each sample, and consequent calculation of the mean of aggregate results of 2 insert model 
systems. 

The periods of accelerated ageing were chosen based on the experiments of  previously 
completed research projects involving the accelerated ageing of ballistic materials, which 
concluded  that the period between 28 and 42 days, which corresponds to 3 years of ageing 
of ballistic materials under real conditions, is critical concerning the changes in their 
properties.  
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Figure 3 presents the dependence of the V50 of the ballistic model systems made of modified 
and unmodified woven fabrics on the time of the accelerated ageing process where the 
ageing factor was the temperature only.  
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Figure 3. Dependence of V50 assessed for the ballistic model systems 
made of modified (A/M) and unmodified (A/N) p-aramid woven 
fabrics on the time of the accelerated ageing process where the ageing 
factor was the temperature together with humidity.
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Every test was performed on 2 insert model systems, with the calculation of V50 and Δ for 
each sample, and consequent calculation of the mean of aggregate results of 2 insert model 
systems. 

The periods of accelerated ageing were chosen based on the experiments of  previously 
completed research projects involving the accelerated ageing of ballistic materials, which 
concluded  that the period between 28 and 42 days, which corresponds to 3 years of ageing 
of ballistic materials under real conditions, is critical concerning the changes in their 
properties.  
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The Figure 4 presents the dependence of V50 assessed for the ballistic model systems made 
of modified (A/M) and unmodified (A/N) p-aramid woven fabrics on the time of the 
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humidity. 

The introduction of an additional ageing factor –  humidity, made the changes observed 
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the time of accelerated ageing where the only ageing factor was the 
temperature.
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Figure 6 presents the dependence of the V50 of the model insert systems made of modified 
and unmodified unwoven sheets on the time of the accelerated ageing process where the 
temperature with  humidity were the ageing factors. 

In the process of ageing where the  temperature together with humidity were the ageing 
factors, a remarkable reduction in V50 was observed in the course of the accelerated 
ageing of the model insert systems comprising  unmodified unwoven sheets.  In the case of 
the model insert systems made of modified unwoven sheets, a remarkable increase in V50 
was observed in the course of the accelerated ageing process, though the interpretation of 
the phenomenon above is difficult. 
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Every test was performed on 2 insert model systems, with the calculation of V50 and Δ for 
each sample, and consequent calculation of the mean of aggregate results of 2 insert model 
systems. 

The periods of accelerated ageing were chosen based on the experiments of  previously 
completed research projects involving the accelerated ageing of ballistic materials, which 
concluded  that the period between 28 and 42 days, which corresponds to 3 years of ageing 
of ballistic materials under real conditions, is critical concerning the changes in their 
properties.  
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and unmodified woven fabrics on the time of the accelerated ageing process where the 
ageing factor was the temperature only.  

 

Figure 3. Dependence of V50 assessed for the ballistic model systems made of modified 
(A/M) and unmodified (A/N) p-aramid woven fabrics on the time of the accelerated ageing 

process where the ageing factor was the temperature only 

It was found that the greatest changes in V50 occurred after the first 28 days of accelerated 
ageing of the ballistic model systems, which corresponds to 2 years of ageing under real 
conditions. The trend of changes was similar for both ballistic model systems of modified and 
unmodified fabrics 

Every test was performed on 2 insert model systems, with the calculation of V50 and Δ for 
each sample, and consequent calculation of the mean of aggregate results of 2 insert model 
systems. 

The periods of accelerated ageing were chosen based on the experiments of  previously 
completed research projects involving the accelerated ageing of ballistic materials, which 
concluded  that the period between 28 and 42 days, which corresponds to 3 years of ageing 
of ballistic materials under real conditions, is critical concerning the changes in their 
properties.  

4.1.1. Research on the resistance to bullets 

Figure 3 presents the dependence of the V50 of the ballistic model systems made of modified 
and unmodified woven fabrics on the time of the accelerated ageing process where the 
ageing factor was the temperature only.  

 

Figure 3. Dependence of V50 assessed for the ballistic model systems made of modified 
(A/M) and unmodified (A/N) p-aramid woven fabrics on the time of the accelerated ageing 

process where the ageing factor was the temperature only 

It was found that the greatest changes in V50 occurred after the first 28 days of accelerated 
ageing of the ballistic model systems, which corresponds to 2 years of ageing under real 
conditions. The trend of changes was similar for both ballistic model systems of modified and 
unmodified fabrics 
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made of modified (D/M) and unmodified (D/N) unwoven sheets on 
the time of the accelerated ageing process where the temperature 
with humidity were the ageing factors.
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and unmodified woven fabrics on the time of the accelerated ageing process where the 
ageing factor was the temperature only.  
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(A/M) and unmodified (A/N) p-aramid woven fabrics on the time of the accelerated ageing 

process where the ageing factor was the temperature only 

It was found that the greatest changes in V50 occurred after the first 28 days of accelerated 
ageing of the ballistic model systems, which corresponds to 2 years of ageing under real 
conditions. The trend of changes was similar for both ballistic model systems of modified and 
unmodified fabrics 
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Figure 6. Dependence of V50 assessed for the model insert systems made of modified (D/M) 
and unmodified (D/N) unwoven sheets on the time of the accelerated ageing process where 

the temperature with  humidity were the ageing factors 

 

4.2. Research on  bullet-proofness 

According to the requirements of the K2 class of the model insert systems,  tests of bullet-
proofness were performed on the inserts before and after successive periods of accelerated 
ageing. 

No case of full piercing occurred in the model insert systems made of textile materials 
subjected to modification with  low-temperature plasma in the presence of TDFH or HMDSO 
vapours.  

In the unmodified samples, either based on the p-aramid fabrics or unwoven sheets of 
UHMWPE fibres, full piercing with the bullet was observed in the samples after accelerated 
ageing, consecutively in the model insert system based on the unmodified Style 363/12 
fabrics and on the unwoven sheets – after 42 days of ageing where the temperature was the 
only ageing factor.  

The research included assessing two additional parameters: the number of the model insert 
system layers penetrated with the bullet and the depth of the temporary, dynamic deflection 
of the insert by measuring the depth of deformation of the ballistic base behind the system 
tested. In the case of full piercing of the model system, the total number of layers was 
recorded as the number of penetrated layers, and the maximum permissible value of 40 mm 
was recorded as the observed deflection.  

4.2.1. Model insert systems of unmodified or modified p-aramid fabrics  

The dependence of the mean value of the number of layers penetrated by a bullet in the 
model insert systems of modified and unmodified p-aramid fabrics assessed, on the time of 
the accelerated ageing process where temperature was the only ageing factor is presented 
in Figure 7. 
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Figure 6. Dependence of V50 assessed for the model insert systems made of modified (D/M) 
and unmodified (D/N) unwoven sheets on the time of the accelerated ageing process where 

the temperature with  humidity were the ageing factors 
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In the inserts developed with the modified systems, a decrease was observed in the mean 
value of the number of fabric layers penetrated by the bullet, unlike the insert systems made 
of unmodified fabrics. However, the changes above were insignificant in the light of statistical 
analysis. 

Figure 8 presents the dependence of ballistic base deformation for the insert model systems 
of modified and unmodified p-aramid fabrics assessed on the time of the accelerated 
ageing process where the temperature was the only ageing factor.  

The model insert systems made of fabrics subjected to modification were characterised with 
a slightly bigger mean deflection of the ballistic base compared to the unmodified systems, 
which may be linked to the decrease in the multidirectional strength (perforation) of the 
single layers observed during the mechanical tests (this might be due to loosening of the 
fabric structure in the modification process during preparation of samples for processing).  
Along with  prolongation of the accelerated aging process, the average depth of the 
deformation decreased, at a  lower rate in the systems with modified fabrics.  
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In the case of prolongation of the accelerated ageing process where the temperature 
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unmodified fabrics and in the modified ones. (Fig. 9). The differences between the mean 
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were statistically insignificant. 

Figure 10. presents the dependence of the base deflection for the model insert systems of 
modified and unmodified p-aramid fabrics assessed on the time of the accelerated ageing 
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A trend similar to that observed when the ageing factor was the temperature alone 
(decrease in the average deformation depth of the base during aging) was observed in 
accelerated ageing with the temperature and humidity together.   

As in ageing with the temperature factor,  mean values of the depth of base deformation 
were lower in the model insert systems made of unmodified p-aramid fabrics.     

Figure 8. Dependence of the mean number of layers penetrated by 
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(A/N) p-aramid fabrics assessed on the time of the accelerated ageing 
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Figure 9. Dependence of the base deformation on the time of the 
accelerated ageing process in the model insert systems of modified 
(A/M) and unmodified (A/N) p-aramid fabrics assessed where the 
temperature with humidity were the ageing factors

 

Figure 10. Dependence of the base deformation on the time of the accelerated ageing 
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4.2.2. Model insert systems of unmodified or modified unwoven sheets of UHMWPE fibres 

For the model insert systems of the modified and unmodified unwoven sheets, the 
dependence of the mean number of  layers penetrated by the bullet on the time of the 
accelerated ageing process where the temperature was the only ageing factor, is presented 
in Fig. 11.  

Along with the length of accelerated ageing, the average number of penetrated layers 
increased in, both  systems of modified and unmodified sheets. Differences in the parameter 
between the systems assessed were statistically insignificant.  

It should be noted that after the longest time of the accelerated ageing process,  full 
piercing was observed in the model insert system of  unmodified sheets. 

Figure 12 presents the dependence of the mean value of deformation of the model insert 
systems made of modified and unmodified unwoven sheets assessed on the time of the 
accelerated ageing process where the temperature was the only ageing factor. 
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Research on the accelerated ageing of the insert systems where the only ageing factor was 
the temperature did not discover significant statistical differences in the mean value of the 
base deformation.  

Under the testing conditions no significant changes in the mean number of perforated layers 
of unwoven sheets, both modified and unmodified, were observed during the accelerated 
ageing process where the temperature with  humidity were the ageing factors (Fig. 13). 
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Figure 7 presents the dependence of 
ballistic base deformation for the insert 
model systems of modified and unmod-
ified p-aramid fabrics assessed on the 
time of the accelerated ageing process 
where the temperature was the only age-
ing factor. 

The model insert systems made of fab-
rics subjected to modification were char-
acterised with a slightly bigger mean 
deflection of the ballistic base compared 
to the unmodified systems, which may be 
linked to the decrease in the multidirec-
tional strength (perforation) of the single 
layers observed during the mechanical 
tests (this might be due to loosening of 
the fabric structure in the modification 
process during preparation of samples for 
processing). Along with prolongation of 
the accelerated aging process, the aver-
age depth of the deformation decreased, 
at a lower rate in the systems with mod-
ified fabrics. 

In the case of prolongation of the accel-
erated ageing process where the temper-
ature together with humidity were the 
ageing factors, a decrease was observed 
in the mean number of penetrated layers 
in the model insert systems, both in sam-
ples made of unmodified fabrics and in 
the modified ones (Figure 8). The differ-
ences between the mean numbers of lay-
ers penetrated in the inserts made of the 
modified and unmodified fabrics were 
statistically insignificant.

Figure 9 presents the dependence of the 
base deflection for the model insert sys-
tems of modified and unmodified p-ara-

mid fabrics assessed on the time of the 
accelerated ageing process where the 
temperature together with humidity were 
the ageing factors. 

A trend similar to that observed when 
the ageing factor was the temperature 
alone (decrease in the average deforma-
tion depth of the base during aging) was 
observed in accelerated ageing with the 
temperature and humidity together. 

As in ageing with the temperature factor, 
mean values of the depth of base defor-
mation were lower in the model insert 
systems made of unmodified p-aramid 
fabrics. 

Model insert systems of unmodified  
or modified unwoven sheets  
of UHMWPE fibres
For the model insert systems of the mod-
ified and unmodified unwoven sheets, the 
dependence of the mean number of lay-
ers penetrated by the bullet on the time of 
the accelerated ageing process where the 
temperature was the only ageing factor, is 
presented in Figure 10. 

Along with the length of accelerated 
ageing, the average number of penetrat-
ed layers increased in, both systems of 
modified and unmodified sheets. Dif-
ferences in the parameter between the 
systems assessed were statistically in-
significant. 

It should be noted that after the longest 
time of the accelerated ageing process, 
full piercing was observed in the model 
insert system of unmodified sheets.

Figure 11 presents the dependence of the 
mean value of deformation of the mod-
el insert systems made of modified and 
unmodified unwoven sheets assessed on 
the time of the accelerated ageing pro-
cess where the temperature was the only 
ageing factor.

Research on the accelerated ageing of the 
insert systems where the only ageing fac-
tor was the temperature did not discover 
significant statistical differences in the 
mean value of the base deformation. 

Under the testing conditions no signifi-
cant changes in the mean number of per-
forated layers of unwoven sheets, both 
modified and unmodified, were observed 
during the accelerated ageing process 
where the temperature with humidity 
were the ageing factors (Figure 12).

When assessing the depth of base defor-
mation, an insignificant decrease in its 
mean value was observed for the model 
insert systems made of unmodified sheets 
(Figure 13). When assessing the inserts 
made of modified unwoven sheets, no 
significant statistical changes were ob-
served in the above parameter. 

 Conclusions
As part of works performed for confirma-
tion of the stability of functional features, 
tests were executed to verify the ballistic 
resistance (fragment-proofness and bul-
let-proofness) of optimised model insert 
systems (consisting of textile materials, 
unmodified or modified) before and after 
the process of accelerated ageing. 
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Regarding the model insert systems made 
of p-aramid fabric subjected to modifica-
tion or not, after the process of acceler-
ated ageing with the temperature factor, 
similar change trends were discovered in 
the V50 – the parameter that determines 
the fragment-proofness. Significant alter-
ation in the volume of the V50 parame-
ter measured was identified after the first 
28 days of accelerated ageing of ballistic 
model systems consisting in modified 
and unmodified p-aramid woven fabric 
systems with p-aramid wovens. 

In another research variant where hu-
midity was applied as an ageing factor in 
addition to the temperature, a distinct de-
crease in V50 (approx. 11% as compared 
to the initial value of V50 after 42 days 
of accelerated ageing) was discovered 
during accelerated ageing of the model 
insert systems produced of unmodified 
fabrics, which was lower by half (by ap-
prox. 5% as compared to the initial val-
ue) in the inserts designed with PACVD 
modified woven fabric.

The research confirms the stability of the 
material’s functional parameters gained 
in the process of modification with 
low-temperature plasma at a level suffi-
cient to observe a decrease in the dynam-
ics of changes in the bullet-proofness in 
the inserts of modified fabrics. 

The model insert systems made of mod-
ified or unmodified unwoven sheets of 
UHMWPE fibres exhibited a signifi-
cantly different trend of changes in frag-
ment-proofness when the temperature 
together with humidity were applied as 
the ageing factors. In the inserts made of 
modified unwoven sheets, an increase in 
the V50 value was observed, while the 
V50 of the inserts made of unmodified 
sheets decreased along with the exten-
sion of the accelerated ageing process.

Tests of the bullet-proofness according 
to the K2 class (of the PN-V-87000:2011 

standard) did not show – it is worth em-
phasizing – any case of full piercing of 
the model insert systems made of textile 
materials subjected to low-temperature 
plasma modification in the presence of 
vapours of TDFH or HMDSO.

Among the insert systems made of 
unmodified materials based on either 
p-aramid fabrics or unwoven sheets 
of UHMWPE fibres, full penetration 
(piercing) with a projectile was ob-
served in the samples after 42 days of 
ageing where the only aging factor was 
the temperature.

During the research on the number of per-
forated layers of the model insert systems 
subjected to the process of accelerated 
ageing, no statistically significant chang-
es were observed in the inserts made of 
p-aramid fabrics, either modified or not. 
The same similarity was observed when 
assessing the deformation depth upon 
shooting. In the inserts made of unwo-
ven sheets subjected to modification, the 
process of accelerated ageing conducted 
with either temperature alone or temper-
ature with humidity did not significantly 
change the number of perforated layers 
nor the deformation depth, as compared 
to the results of tests performed on the 
model insert systems made of unmodi-
fied sheets. 

In conclusion, it should be empha-
sised that modification with low-tem-
perature plasma in the presence of va-
pours of low-molecular fluorine- or 
silane-genic substrates altered the prop-
erties of the fabrics and unwoven sheets. 
The above-observed phenomenon i.e. 
humidity is a more critical factor influ-
enced the ballistic behaviour of the p-ar-
amid woven fabric. Moreover PACVD 
modification allows to prevent the de-
structive influence of humidity during the 
ageing process.
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