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The article presents the results of the study of indicators that affect the process of
formation of complex polypropylene yarns modified by Ag, Cu, Fe and (Ag + Cu) nanopar-
ticles with antimicrobial action. The impact of the above additives on the change of the
main physical and mechanical properties of the obtained nanomodified complex
polypropylene yarns is shown, in particular, breaking load and change in linear dimen-
sions. The paper also pays attention to the study of the temperature impact on the change
of linear dimensions of polypropylene yarns containing nanoparticles. The study demon-
strates the possibility of using the proposed nanomodified complex polypropylene yarns for
the manufacture of materials and products with antimicrobial properties without losing
their physical and mechanical properties. It is also important that the obtained nanomodi-
fied polypropylene complex yarns can be further processed into products.

Keywords: complex polypropylene yarns, nanomodification, antimicrobial properties,
breaking stress, heat setting.

HJocaigxenna BInBy HaHoMoaudikywuux no6aBox Ha mpouec opmyBaHHA i ¢isuko-
MeXaHi4Hi BJACTHBOCTI KOMILUIEKCHUX mNoJinmpomijeHoBux HUTOK. C.M.BepesHeHKo,
H.B.Cadpemdinosea, H.M.Bepesnenro, JI.B.Binoyvra

Hocuimxeno opMyBaHHA KOMIIJIEKCHUX IIOJNIiIPONiJIEHOBUX HUTOK, MOAU(IKOBaHUX Ha-
HOYacTUHKaMu 3 aHTUMiKpo6HOW axieo Ag, Cu, Fe, (Ag + Cu). IlokasaHO BIINB BUI[eBKa3a-
HUX [I00aBOK Ha 3MiHY OCHOBHUX (DiB8MKO-MeXaHiUHMX BJIACTUBOCTEH OJEpP:KaHUX HAHOMO-
In(dikoBaHUX KOMIJIEKCHUX IIOJINPOIiIEeHOBUX HUTOK, 30KPEMa PO3PUBAJIHHOT'O HaBaHTa-
JKeHHA Ta 3MiHy JiHiiHMX posaMipiB. BuBueHo BHJUB TeMIlepaTypu Ha 3MiHY JiHiiHUX
Po3MipiB moJinmpomijieHOBUX HUTOK 3 BMiCTOM HAHOYACTOK. BCTaHOBJIEHO HeOOXigHIiCTH molle-
pexHBOI TepMmodikcanii gnsa sabesnmedeHHA cTabinbHOCTI JiHIHMX pO3MipiB HUTOK y mHpoIlle-
cax HacTynHoi nepepoOku. IIpoBemeHi AOCTiAKEeHHA DE€MOHCTPYIOTH MOJKJUBiCTH BUKOPUC-
TaHHS 3aIPOIIOHOBAHUX HAHOMOAU(MIKOBAHUX KOMILJIEKCHUX IIOJiIPOIiJIEHOBUX HUTOK [IJdA
BUTOTOBJIEHHA MaTepiasiB Ta BUPO6GiB 3 aHTMMiIKPOOHUMU BJacTUBOCTAMU 0e3 BTpatu (Hisu-
KO-MeXaHIUYHUX MOKasHUKiB octanHix. Opep:kani HanomogudikoBaHi mojinpomniseHoBi KoM-
IJIEKCHI HUTKU MOJKYTb yV IOJAJBINIOMY II€PepobIATHCA.

HNsyueHo monyuyeHre KOMIIJIEKCHBIX MOJUIIPOINJIEHOBBIX HUTEH ¢ AaHTUMUKPOOHBIM JEHCT-
BueM, MmMoaubuuupoBaHHblix HaHouactuumamu Ag, Cu, Fe, (Ag + Cu). IlokasaHo BiusiHHE
BBIIIIEYKA3aHHBIX JMO0ABOK HA M3MEHEHHE OCHOBHBLIX (DMBHKO-MEXaHWYECKUX CBOMCTB IIOJYUEH-
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HBIX HAHOMOIU(DUIIMPOBAHHLIX KOMILIEKCHBIX ITOJUIIPONUJIEHOBEIX HUTE, B YACTHOCTU Das-
PBIBHOT'O HaNPSKEHUS U M3MeHeHUe JINHEWHBIX pasdMepoB. VcciaenoBaHo BJIUAHUE TeMIepa-
TYpHI Ha W3MeHeHUe JUHENHBIX PasMePOB MOJUIPOINJIEHOBLIX HUTEN C COAeP:KaHUeM HaHO-
vactul. OmnpegeseHa HeoOXOZWMOCTL IpPeABApUTE]bHOU TepModuKcanmuy AJasA obecreueHUs
CcTabUJIbHOCTY JIMHEUHBIX PasMepoOB HUTEH B Ipoliecax Iociexyomieil nepepaborku. Ilokasa-
Ha BO3MOJKHOCTb WCIIOJI30OBAHUSA NPEIJIOKEHHBIX HAHOMOAU(MDUIIMPOBAHHBIX KOMILJIEKCHBIX
TIOJIUTIPONIUJIEHOBBIX HUTEH [JIA WBTOTOBJIEHUA MATEPUAJIOB U UBAEJUIl ¢ aHTUMUKPOOHBIMU
cBoiicTBaMu 6e3 moTepu UX (PUBUKO-MeXaHUUEeCKUX CBOMCTB. IlonyueHHBIE HAHOMOIU(DUIINPO-
BaHHBIE IOJIUIIPOIINJIEHOBbIE HUTH MOTYT B Ja/lbHEHIIeM IlepepabdaThiBAThCA.

1. Introduction

Antimicrobial materials and products
based on fibrous carriers are widely used in
many spheres of human life and the envi-
ronment [1, 2]. To obtain antimicrobial fi-
bers and yarns, various modification meth-
ods are used, including nanotechnologies:
impregnation; formation of fibers from so-
lutions and melts of polymers containing
antiseptic substances (antibiotics, enzymes);
introduction of nanoparticles (NPs) of vari-
ous chemical nature and geometric shapes
into the structure of yarns; application and
fixing of NPs on the surface of yarns [3, 4].
Each of the methods has its advantages and
disadvantages, and the world scientific com-
munity continues to work hard to overcome
them [5]. The introduction of NPs metals,
their oxides or combined additives into syn-
thetic monofilaments in the process of
molding is quite effective and promising.
Significant interest in these developments is
due to the fact that particle-filled polymer
fibers and yarns have a wide spectrum of
bactericidal action against pathogenic mi-
croflora, show virucidal and fungicidal ac-
tivity over a long period of use [6, 7]. An-
other method involves dressing with surfac-
tants, which are carriers of useful
properties and can be adsorbed by fibers or
modify their structure. In this way, it is
possible to change the properties of the
fiber surface in situ and influence the proc-
esses occurring at the interface [8].

Along with the development and im-
provement of modification methods, an im-
portant task of scientific research in the
textile industry is to study the mechanical
and physico-chemical properties of modified
fibers [9—-11]. Since modification processes
complement and complicate the production
technology of fibers and yarns, it leads to
changes, sometimes negative, in their struc-
ture and properties.

The aim of the work is to study the ef-
fect of antimicrobial modifiers on the physi-
cal and mechanical properties of
polypropylene monofilament yarns when
using various modification methods to en-
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sure that they can be processed by existing
knitwear and textile equipment.

2. Experimental

In the study, the following substances
were used to create nanomodified
polypropylene complex fibers:

— thermoplastic polymer polypropylene
(hereinafter referred to as PP) (Technical
spesificatons in the territory of Ukraine
54008400-97, Grade A);

— as antimicrobial substances — silver
(Ag), copper (Cu), and iron (Fe) nanoparti-
cles in the low-melting surfactant PEG-115
(hereinafter referred to as surfactants) in
the form of a paste; Ag nanoparticles, a
mixture of silver and copper (Ag + Cu) in
alcohol solution and silver Ag and iron Fe
aqueous solution.

Nanoparticles of Ag, mixtures of silver
and copper (Ag + Cu) in alcohol and silver
Ag and iron Fe aqueous solutions were pro-
vided by the V.M.Bakul Institute of Super-
hard Materials (ISM of the National Acad-
emy of Sciences of Ukraine) following the
agreement on scientific and technical coop-
eration. For obtaining highly concentrated
silver suspensions, the method of single-
stage preparation of suspensions of nanos-
cale particles of electrically conductive ma-
terials was used, where they are organized
in the process of plasma dispersion of met-
als, alloys and other electrically conductive
materials by a localized plasma jet and, in a
single-stage technological cycle, are intro-
duced (implanted) by the same jet into glyec-
erol located in a vacuum chamber. At the
same time, 75 % of metal particles have a
size that ranges from 380 to 60 nm.

In order to create a modified thermoplas-
tic composition based on polypropylene
modified with metal nanoparticles, a
method was used that is characterized by
simplicity of implementation and does not
require new equipment.

Nanoparticles of Ag, Cu, (Ag + Cu) in an
alcohol solution and Ag and Fe in an aque-
ous solution were applied immediately to PP
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Table 1. Characteristics of PP granules modified with metal nanoparticles

Sample characteristics Dispersion Surfacant |* Modifier content in
environment content surfacant

Unmodified polypropylene (control sample) — — —
Polypropylene modified with silver (Ag) PEG-115 1.0 41074
Polypropylene modified with silver (Ag) PEG-115 0.5 2.1074
Polypropylene modified with silver (Ag) Water 1.0 4.1074
Polypropylene modified with silver (Ag) Alcohol 1.0 4-1074
Polypropylene modified with silver (Ag) Glycerin 1.0 41074
Polypropylene modified with copper (Cu) PEG-115 1.0 41074
Polypropylene modified with copper (Cu) PEG-115 0.5 2.10°4
Polypropylene modified with a mixture (Ag + Cu) Alcohol 1.0 4-1074
Polypropylene modified with a mixture (Ag + Cu) Alcohol 0.5 2.1074
Polypropylene modified with iron (Fe) Water 1.0 41074
Polypropylene modified with iron (Fe) Water 0.5 2.10~4

* _ by calculation.

granules, thoroughly mixed until the alco-
hol and aqueous solution completely evapo-
rated at room temperature. The surfactant
content varied from 0.3 % to 1 %.

The obtained experimental samples of
mixtures were dried in a drying cabinet at a
temperature of 60°C for 1 h before further
processing. To obtain a granulate modified
with Ag, Cu, Fe, (Ag + Cu) nanoparticles,
the vein was immersed in water with a tem-
perature of 20+3°C on a laboratory LSP ex-
truder, followed by grinding the vein into
granules of 3.0+3.5 mm in size. The estima-
tion of granularometric composition wasn’t
made, but for a more uniform distribution
of nanoparticles in the polymer mass, dou-
ble granulation of the treated granules was
performed at the following parameters: cyl-
inder temperature 250°C, nozzle tempera-
ture 240°C. The characteristics of the ob-
tained granules are given in Table 1.

3. Results and discussion

Complex polypropylene fibers were made
from the obtained PP granules with antimi-
crobial properties modified with nanoscale
Fe (Ag + Cu) particles using a periodic
molding process on an extrusion machine of
the UFTP brand and drawing on a draw-
twister bench of the VSTV brand. Soviet-
made laboratory equipment was used in the
study.

Before forming PP fibers, modified
polypropylene granules were dried in a vac-
uum drying cabinet at 80°C for 3 h.
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Parameters of forming polypropylene
yarns on the UFTP machine:

— melt supply rate, g/min — 15.3

— forming speed, m/min. — 100

— temperature by zones, °C: cylinder —
25543, measuring pump — 25013, die set —
25013

— number of die holes — 12

— oiler ASH-12, %, no more than — 3.

Parameters for drawing polypropylene
yarns on the VSTV bench:

— draw multiplicity, — 3.6+5.4

— drawing temperature, °C — 11013

— drawing speed, m/min. — 40150

The obtained complex yarns modified
with metal nanoparticles are shown in Fig.
1.

When manufacturing clothing and its
elements wusing nano-modified complex
yarns, it is necessary to consider the influ-
ence of Ag, Cu, Fe nanoparticles on the
process of forming and drawing complex
polypropylene fibers, as well as the physical
and mechanical properties of the resulting
fibers in order to assess the possibility of
their use for the manufacture of textile ma-
terials.

3.1. The investigation of the temperature
effect on physical and mechanical properties
of modified PP yarns

One of the most important charac-
teristics of synthetic yarns is their heat re-
sistance, which causes changes in the physi-
cal and mechanical properties of yarns
under the influence of elevated tempera-
tures. Of particular interest are studies on
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E_. —
Fig. 1. Complex filaments modified with
metal nanoparticles.

—

the heat resistance of modified
polypropylene yarns at thermofixation tem-
peratures of 80, 110 and 140°C (Table 2),
the heat treatment of which was carried out
on a rigid frame under tension for one
hour.

Data given in Table 2 indicate that when
the thermal fixation temperature increases
to 140°C, the relative breaking load in-
creases in the initial and modified PP sam-
ples of yarns containing different amounts
of metal nanoparticles, regardless of their
state (paste, alcohol, water solution). Thus,

during heat treatment (in the temperature
range from 80 to 140°C), the physical and
mechanical properties of PP yarns improve,
which makes it possible to use them at ele-
vated temperatures in products for various
purposes.

3.2. The research of the effect of heat
treatment temperature on the change in lin-
ear dimensions of modified PP yarns

Considering the further wuse of
polypropylene yarns modified with Ag, Cu
and Fe nanoparticles in the production of
textile materials and products for various
purposes based on them, it became neces-
sary to determine the change in the linear
dimensions of the resulting yarns.

When processing PP yarns into products
(non-woven materials, fabrics, knitwear),
the latter after hot and wet treatments
(dying, finishing, washing, etc.) signifi-
cantly reduce in size. The change in linear
dimensions is accompanied by an increase in
the thickness of the fibers and increased
elongation when they break.

In order to prevent or partially reduce
changes in the linear dimensions of prod-
ucts when they are treated in wet and hot
environments, the yarns must be previously
subjected to additional heat treatment at
temperatures slightly higher than the treat-
ment temperature of the products.

The best results are achieved if the yarns
are thermally fixed under tension or on
rigid cores, which limit the possibility of

Table 2. Indicators of the breaking load of PP filaments modified with metal nanoparticles

Type of yarn Dispersion Relative breaking load, cN/ tex at temperature

environment 20°C 80°C 110°C 140°C

PP (initial) - 35.8 36.2 35.7 36.5
PEG-115 + Ag

PP + 0.3 % paste 34.5 36.8 40.5 39.8

PP + 0.5 % paste 33.7 36.0 39.5 39.9

PP+1.0% paste 37.5 39.5 42.4 40.8

PP + Ag alcohol 38.5 39.2 40.6 39.8

PP + Ag water 17.3 17.5 19.9 20.8
PEG-115 + Cu

PP + 0.3 % paste 35.9 36.8 39.5 39.2

PP + 0.5 % paste 36.7 38.9 38.8 39.0

PP +1.0 % paste 37.7 36.8 39.5 41.2
PEG + Ag + Cu

PP+ 1.0 % ’ alcohol ‘ 36.5 ‘ 36.9 ‘ 38.9 ‘ 37.2
PEG-115 + Fe

PP+ 1.0 % ’ water ‘ 35.7 38.9 ‘ 39.0 ‘ 40.8

Functional materials, 28, 3, 2021
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Table 3. Temperature dependences of changes in the linear dimensions of nanomodified PP yarns

Type of yarn Dispersion Change in linear dimensions, % at temperature
environment 80°C 110°C 140°C
PP (initial) - 4.4 6.1 9.5
PEG-115 + Ag
PP + 0.3 % paste 2.4 5.5 8.5
PP+ 0.5 % paste 2.8 5.4 11.8
PP +1.0 % paste 4.3 6.9 11.8
PP+ 1.0 % alcohol 3.6 6.2 13.4
PP+ 1.0 % water 4.8 7.2 10.8
PEG-115 + Cu
PP + 0.3 % paste 4.2 7.0 10.5
PP + 0.5 % paste 3.9 6.5 11.8
PP+1.0% paste 3.2 6.9 11.1
PEG-115 + Ag + Cu
PP + 0.5 % alcohol 2.6 5.0 9.2
PP + 1.0 % alcohol 2.6 5.0 9.2
PEG-115 + Fe
PP + 0.5 % water 2.4 5.3 9.4
PP+ 1.0 % water 2.4 5.3 9.4

Table 4. Dependences of changes in the linear dimensions of nanomodified PP yarns on the

temperature thermofixation

Thermofixation Type of sample Change in linear dimensions, %,
temperature, °C at test temperature
80°C 110°C
80 PP + (1 % PEG-115 + AQ) 1.24 3.68
PP + (1 % PEG-115 + Cu) 1.05 3.0
PP + (1 % PEG-115 + Fe) 1.0 2.3
110 PP + (1 % PEG-115 + AQ) 0.64 2.04
PP + (1 % PEG-115 + Cu) 0.44 2.28
PP + (1 % PEG-115 + Fe) 0.68 2.32
140 PP + (1 % PEG-115 + AQ) 0.72 1.4
PP + (1 % PEG-115 + Cu) 0.4 1.16

changing the linear dimensions of the
yarns. It is known that the higher the ther-
mal fixation temperature of the fiber, the
smaller the change in linear dimensions
during further operations [6]. At this stage,
the effect of the heat treatment tempera-
ture on the change in the linear dimensions
of polypropylene yarns containing nanopar-
ticles of various metals (Ag, Cu, Fe) was
studied. The change in the linear dimen-
sions of PP yarns in the free state was de-
termined by holding samples in a thermal
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cabinet for one hour at temperatures of 80,
110 and 140°C (Table 3).

The data obtained (Table 3) indicate that
in the free state, the change in the linear
dimensions of the initial and modified with
metal PP yarns increases by more than
2 times with an increase in temperatures
from 80 to 140°C. To reduce the change in
the linear dimensions of PP yarns, prelimi-
nary thermofixation was performed in a
fixed state at temperatures of 80, 110 and
140°C (Table 4).

Functional materials, 28, 3, 2021
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Table 5. Physical and mechanical properties of modified PP yarns

Sample Thermofixation Linear Breaking load, Breaking Relative
at 100°C density, tex cN elongation, % |breaking load,

cN/tex
PP + 0.5 % (PEG-6000 - 27.0 1014.8 24.1 37.6
+0.5 % Cu) + 27.6 1245.2 19.4 45.1
PP +1 % (PEG-6000 + - 23.5 1005.6 28.3 42.8
1% Cu) + 28.9 1336.0 19.7 46.2
PP +1 % (PEG-6000 + - 28.8 958.0 23.8 33.3
10 % Ag) + 26.8 1088.0 21.3 40.6

The data shown in Table 4 indicate that
preliminary thermofixation with an excess
of the thermofixation temperature over the
temperature of subsequent processing by
30°C can significantly reduce the indicators
of changes in the linear dimensions of PP
filaments in comparison with fibers in
which there was no previous thermofixation
(Table 5). These data should be considered
when choosing the conditions for ther-
mofixation of PP yarns during subsequent
processing.

In addition to introducing Ag, Cu, and
Fe nanoparticles into PP yarns from alcohol
and aqueous solutions, we tested the method
of introducing Ag, Cu, and Fe nanoparticles
into PP complex yarns, when nanoparticles
were previously introduced into a solid car-
rier (PEG-6000).

3.3. The investigation of PP fibers modi-
fied with metal nanoparticles obtained by
thermal vacuum spraying of metals

A more promising and effective method
of introducing nanoparticles, in our opin-
ion, is the method of wvacuum thermal
spraying, in which metal particles are dis-
persed and then condensed. Using this
method, experimental samples of Ag and Cu
nanopreparations were obtained, which were
introduced into a solid carrier (PEG-6000).
The nanoparticle size was about 70 nm or
less.

The thermoplastic polymer composition
modified with Ag and Cu nanoparticles was
obtained in the following way. A modifying
preparation (PEG-6000) was applied to
heated PP granules in the form of a white
powder, on which Cu (Ag) nanoparticles
were pre-applied by vacuum thermal spray-
ing, thoroughly mixed, cooled at room tem-
perature and processed on a laboratory
screw press (LSP) according to the standard
method. The advantage of the above method
for obtaining thermoplastic fiber is that the
modifying preparation PEG-6000 with Cu
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(Ag) nanoparticles did not need to be dis-
solved with ethyl alcohol, which greatly
simplifies the technology for obtaining
yarns.

The formation of PP fibers modified
with Cu (Ag) nanoparticles was performed
on a UFTP machine at the following pa-
rameters:

— melt feed speed, g/min 15.3

— molding speed, m/min 80

— molding temperature by zone (cylin-
der, metering pump, spinneret unit), °C
25012

— Oil-ASH-12 max, % 3

— number of spinneret holes 12

— diameter of spinneret holes, mm 0.5

Thermal drawing of PP yarns was car-
ried out on the bench for drawing-out of
yarn VSTV at the following parameters:

— draw multiplicity 5.0

— heater temperature, °C — 11013

— drawing speed, m/min 40

— number of twists, T/m-40

The physical and mechanical properties
of the drawn PP yarns are shown in Table
5.

When sewing clothes and its individual
elements, it is necessary to treat them at
high temperatures (above 100°C). This can
result in deformation of the product due to
change in linear dimensions of yarns. This
makes it necessary to carry out termofixa-
tion before using them. As can be seen from
the data in Table 5, the thermofixation of
yarns at 100°C leads to an increase in the
strength of yarns and a decrease in the
breaking elongation. The changes in the lin-
ear dimensions of the modified yarns are
shown in Table 6.

The data in Table 6 indicate that shrink-
age depends on temperature and varies in
the drawn PP yarns from 3.6 % to 7.1 %;
and after thermofixation, there is a de-
crease in these indicators. Therefore, the
introduction of nanoparticles into the com-
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Table 6. Changes in linear dimensions of modified yarns

Sample Thermofixation The change in linear dimensions, %, at test
at 100°C temperature
60°C 80°C 100°C
PP + 0.5 % (PE-6000 + 196 3.6 4.7 6.9
0.5 % Cu) _ _ 4.0
PP +1 % (PE-6000 +1 % - 3.6 4.4 5.8
Cu) + _ _ 4.0
PP +1 % (PE-6000 + - 4.2 5.4 7.1
10 % Ag) + B B 3.6
position by vacuum thermal spraying is ef- References

fective and demonstrates a reduction in
shrinkage of the drawn PP yarns by 40—
50 % after thermofixation of the yarn sam-
ples at 100°C.

4. Conclusions

The processes of PP fiber formation of
complex yarns modified with Ag, Cu, and
Fe nanoparticles have been investigated.
The parameters of molding and thermo-ori-
entation drawing of examined samples, as
well as their physical and mechanical prop-
erties, were determined. It is shown that
the obtained nanomodified PP complex
yarns have satisfactory physical and me-
chanical properties and can be further proc-
essed on existing knitting and textile equip-
ment. A method for stabilizing the linear
dimensions of the obtained yarns by ther-
mofixation was proposed. The studies car-
ried out make it possible to use of nano-
modified PP yarns for the manufacture of
competitive materials and products with an-
timicrobial properties (atraumatic bandages,
dressings, socks, bactericidal knitted, woven
and nonwoven materials).
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