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ABSTRACT

Introduction. The objective of this study is to examine the impact of the impregnation (with the aliphatic polyurethane water disper-
sion) degree on the deformation properties of the polyacetal, polyethylene terephthalate and polypropylene fibers based nonwoven
needle-punched composite fabrics. Materials and methods. We investigated the deformation properties of the nonwoven fabrics
manufactured from the 0.33 tex linear density fibers of: polyethyleneterephthalate (diameter 20-25 microns, according to TU 6-13-
0204077-95-91), polypropylene (diameter 27-30 microns, according to TU 2272-007-5766624-93) and the original polyacetal ones
(diameter 18-22 microns). The nonwoven fabrics were obtained by the mechanical formation technique. The needlepunching surface
density was 180 cm=2 The water dispersion of anionic stabilized aliphatic polyethyruretane (IMPRANIL DL 1380 (China)) with a dry
residue of 40% was used for the impregnation. The experimental samples’ linear dimensions were determined in accordance with
the requirements of GOST 15902.2-2003. The sample’s thickness was determined by a thickness gauge with a pressure of 10 kPa and
an instrumental error ~ 0.01 mm according to GOST 11358-70. The samples’ mechanical properties were determined in accordance
with the requirements of GOST 15902.3-79. Results and discussion. The fiber filler composition influence on the ob-tained (by the
impregnation of polyethyleneterephthalate, polypropylene and polyacetal fibers based non-woven needle-punched fabrics with
polyurethane aqueous dispersion) composite materials tensile resistance has been established. We found the impregnation degree
(depending on the chemical nature of the fibers and on the direction of nonwoven fabrics formation) at which the tensile resistance
of the composite materials reaches the maximum value. It is demonstrated that, in the construction of buildings and structures, it
is advisable to utilize materials based on composite polyacetal fibers. These materials exhibit higher tensile resistance compared to
those based on polypropylene and polyethylene terephthalate at equivalent impregnation levels. Conclusion. The obtained optimal
impregnation degree (at which the maximum tensile resistance of polyacetal fiber based composite materials was achieved) depends
on the direction of the non-woven fabric formation. The maximum tensile resistance was observed: in the transverse direction - at
0.44 and in the longitudinal direction — at 0.35 impregnation degree values.
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INTRODUCTION

he synthetic fibers based nonwoven fabrics [1—9]
are highly voidness materials with a porosity coeffi-
cient of more than 0.8. Such materials are often used for
heat- [10—12] and sound- insulation [13—15] of buildings
and constructions. Their main disadvantage is the low
tensile resistance [16—22]. The fabrics stretching during

the transportation, installation and operation leads to an
increase in porosity and a decrease in the specified exploi-
tation characteristics. When impregnating the nonwoven
fabrics with the polymer solutions and dispersions, the
voidness composite materials with the increased tensile
resistance were obtained [23, 24].

The mechanical properties set of the composite ma-
terials is mainly de-termined by the interaction at the
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interface “fiber—polymer binder” [25—30]. The highly
voidness materials with the sufficiently useable tensile
resistance were obtained by wetting with the polymer so-
lutions and dispersions as the result of nanoscale polymer
bridges between the fibers formation that limited their
mobility in the mechanical force field.

The synthetic fibers are well wetted with the poly-
mer solutions in different organic solvents. High wet-
ting of polyethyleneterephthalate fibers with a binder is
achieved by the nonwoven fabrics impregnating with the
polyurethane in dimethylphoramide solution [31, 32].
In addition, when using polymer solutions in organic
solvents, a predominant sorption of the binder occurs
on the surface of the fibers while preserving the porous
structure of the impregnated fabric. A significant volume
and the toxicity of containing various organic solvents
liquid effluents limit the industrial use of impregnated
nonwoven fabrics.

The negative environmental impact is significantly
reduced when using polymers’ aqueous dispersions for
the nonwoven fabrics impregnating [25—30, 32—34]. But
their wetting of the synthetic fibers is less then polymer
solutions in organic solvents ones [32—34]. The inter-
action in the “fiber—polymer dispersion” system is, as
a rule, regulated by changing the chemical nature of the
polymer or by introducing the surfactants and other in-
gredients into the material composition [25—30]. The
approach associated with varying the chemical nature
of the reinforcing fabric fiber filler is practically not used
[32—34]. When obtaining the composite materials, the
polyethyleneterephthalate fibers based nonwoven needle-
punched fabrics (and, less often, polypropylene ones) are
mainly used as a fibrous reinforcing element.

The primary objective of this study is to investigate
the influence of the impregnation degree on polyacetal,
polyethyleneterephthalate and polypropylene fibers with
aliphatic polyurethane water dispersion onto the defor-
mation properties of the composite materials under con-
sideration.

Table 1

MATERIALS AND METHODS

The subjects of examination were needle-punched
nonwoven fabrics composed of fibers with a linear density
of 0.33 tex: polyethyleneterephthalate (with a diameter
of 20—25 um, TU 6-13-0204077-95-91), polypropylene
(with a diameter of 27—30 um, TU 2272-007-5766624-93)
and experimental polyacetal fibers with a diameter of 18—
22 um. The nonwoven fabrics were manufactured with
the mechanical molding technique. The surface density
of the main needle punching was 180 cm—.

The linear dimensions of the experimental samples
(Table 1) were determined in accordance with the require-
ments of GOST 15902.2-2003. The nonwoven fabric’s
thickness was determined using a thickness gauge with
an instrumental error ~0.01 mm under the 10 kPa pres-
sure according to GOST 11358-70. The relative measure-
ment error of the sample’s sizes was ~2%. The mechanical
properties of the nonwoven fabrics were established in
accordance with the requirements of GOST 15902.3-79
(the relative error ~12%).

The anionic stabilized aliphatic polyethiruretane
(IMPRANIL DL 1380, China) water dispersion was used
for the impregnation of the nonwoven fabrics. The con-
centration of the polyurethane in water was ~42%. A 50 by
200 mm sample was immersed in a 500 ml container filled
with the dispersion and was flattened with a roller for
3—5 minutes at a room temperature. Removed from the
container sample was kept until the dispersion completely
drained and was flattened between the rolls with a gap
equal to half of the nonwoven fabric thickness. The labo-
ratory technique of sample’s impregnation simulated the
industrial one.

The heat treatment of the impregnated nonwoven
fabric was carried out at a temperature of 70°C. The im-
pregnation degree of the sample was varied by diluting the
polyurethane aqueous dispersion with the distilled water.

The impregnation degree (C,,, rel. units) was calcu-
lated from the equation:

The characteristics of the initial nonwoven fabrics used for the composite material creation with the polyurethane water

dispersion impregnation technique

Fiber pykg/ m? F, kg/ m? dx10%, m P, kg/m? 0, rel.un.
polyacetal 1410 0,28 2,1 130 0,91
polyethyleneterephthalate 1370 0,26 3,0 120 0,91
polypropylene 920 0,33 2,1 110 0,89

Here: p,— the density of the fiber-forming polymer; d — the thickness, F'— the surface density (the mass of the sample with an area
of 1 m?) and p — the (bulk) density of the initial nonwoven fabric; & — the porosity coefficient of the initial material.
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The stretching in the longitudinal and in the trans-
C, = s (1)  verse directions of the samples occurs in two stages each
of which is described by almost linear sections of ¢ on €
where m, and m are the mass (kg) of the samples after ~ dependencies. These sections’ slope angles analysis shows
and before feeding respectively. that the stretching at the second stage occurs at a higher
The porosity coefficients of the initial (Table 1) and  conditional stress (Fig. 1).
the impreginated nonwoven fabrics were calculated from

equations 2 and 3: The stretching of the non-woven needle-punched
B fabrics
o=1--— 2
7 @)

The two-stage stretching of the nonwoven needle-

m, /Pf + My | Doy punched fabrics is a consequence of the specific polymer

o=1 , (3)  materials’ bulk structure with an uneven distribution of
v fiber packing density (Fig. 2).

where 0 is the porosity coefficient, rel. units; p, pfand When punching, the fibers are captured by needle
P,y are the densities of the fabric, fiber and polyurethane, notches with the formation of bundles oriented perpen-
kg/m’; m and m,, are the mass of the fabric and polyure-  dicular to the surface of the fabric (Fig. 2a). The mechani-
thane in the composite material sample after heat treat-  cal stress during the stretching direction is distributed to
ment, kg. the bundle’s fibers at various stages of the process uni-
formly. The fiber packing density and the fiber contact
RESULTS AND DISCUSSION area in the bundle are significantly higher than similar

characteristics in the interbundle space [17—23].
The specification of the parameter determining The nonwoven fabrics stretching at the first stage of
the tensile resistance of chemically different fibers the process is a consequence of straightening and chang-
based composite materials ing the configuration of the fibers between the the bun-

dles. After the straightening and reorientation of the fibers

The parameter determining the tensile resistance of  between the bundles in the direction of the mechanical
the nonwoven fabrics and corresponding composite ma- stress (Fig. 2b), the latter is redistributed to the fibers
terials was established from the analysis of the depen-  in the bundles (Fig. 2b) which packing density and sig-
dences of the conditional mechanical stress (o, MPa)  nificant cross-fiber contact area leads to an increase in
on the relative elongation (g, %). The dependences of  the probability of relative movement of the fibers. In the
o on ¢ in the longitudinal and transverse directions of  extreme case, the rupture of such fibers or their slipping
the samples made of various chemical nature fibers are  out of the bundles leads to the destruction of the needle-

shown in Fig. 1. punched nonwoven fabrics [19, 20].
a 4 - b )
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Fig. 1. The dependences of the conditional stress on the elongation during stretching of the nonwoven fabrics made of
polyacetal (1), polyethyleneterephthalate (2) and polypropylene (3) fibers in the transverse (a) and longitudinal (b) di-
rections (dotted line 4 is a segment of the dependence o on €, showing the stretching at first stage of the process;

the arrow shows the relative elongation at which the transition from the first to the second stage of stretching occurs)
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Fig.2. The micrographs of the cuts of the initial (a), 10 (b) and 80 (c) % elongated polyethyleneterephthalate fibers
based nonwoven fabrics

The nonwoven fabrics of various compositions are
deformed in the longitudinal direction less than in the
transverse one (Fig. 1) under the equal mechanical im-
pact. The various degrees of stretching are the conse-
quence of the predominant orientation of the fibers in
the transverse direction that is achieved by using a me-
chanical technique of the nonwoven fabric forming. A
high degree of orientation of the fibers in the transverse
direction leads to the connection of the bundles with a
large number of fibers during the punching process. The
bundles are connected by a smaller number of the fibers
in the longitudinal direction which leads to a redistribu-
tion of the mechanical load on individual fibers and the
mutual movement of the fibers even with the relatively
small efforts [19, 20].

The dependences of o on € of the polyacetal or poly-
ethyleneterephthalate fibers based nonwoven fabrics prac-
tically coincide with each other (Fig. 1, curve 1 and 2).
It indicates the equal resistance of the samples to the

stretching at first and second stages of the process. As
it follows from o on € dependences (Fig. 1, curve 3) the
polypropylene fibers based nonwoven fabrics stretching
at first and second stages occurs at a lower conditional
stress determined by the less friction coefficient of the
polypropylene fibers [35, 36]. The lower ability of the
polypropylene fibers to be held in the needle notches lim-
its the formation of the bundles [19, 20]. As a result, the
mechanical stress is distributed to a smaller number of
polypropylene fibers connecting the bundles.

The stretching of the non-woven needle-punched
composite materials reinforced with a polyacetal fibers

The o on € dependences of the polyacetal fibers based
composite materials are shown in Fig. 3. Their types
correspond to similar dependences for polyethylene-
terephthalate and polypropylene fibers based nonwoven
fabrics.

The stretching of these composite materials occurs in
two stages too. However, the conditional stress required

a
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Fig. 3. The dependences of the conditional stress on the relative elongation of polyacetal fibers based composite
materials with a degree of impregnation of 0.1 (1), 0.24 (2) and 0.52 (3) MPa in the transverse (a) and longitudinal

(b) directions
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for stretching at the first and second stages increases.
It is most pronounced in the longitudinal direction of
the materials (Fig. 3b). An increase of the impregnation
degree from 0 to 0.52 slightly affects the stretching of the
composite materials in the transverse direction at first
stage of the process. In addition, there is a decrease in
the conditional stress required for deformation at first
stage of the longitudinal stretching for the material with
0.52 impregnation degree (Fig. 3b, curve 3).

The parametric describing of the tensile resistance
for various chemical nature fibers made composite
materials reinforced with the fillers

It is of practical interest to determine the tensile re-
sistance of the materials at first stage of stretching due
to it leads to the significant increase in porosity and the
decrease in the specified functional properties of the
nonwoven composite materials with various composi-
tions. The linear section of 0 on € dependencies of the
nonwoven composite materials are described by general
equation:

n

£
oc=FE,—,e<¢, 4
° 700 4

where E— is the effective tensile modulus, MPa; & —
is the relative elongation that shows the transition from
first to second stages of stretching.

The effective modulus corresponds to the Young’s
ones (designed to assess the elastic/reversible deforma-
tion of solids under tension) according to the determina-
tion technique. However, the nonwoven’ deformation
is not elastic at first stage of stretching. For composite
materials, the irreversible movement of fibers is a con-

sequence of intermolecular interaction between poly-
urethane particles, the elongation of the gap between
them is significantly less than the tensile elongation at
the first stage of the process of stretching composite
materials of varying degrees of impregnation. It is due
to the consequence of the friction bond between the
fibers which rupture leads to the irreversible movement
of the fibers in the inter-bundle space. In addition, the
Young’s modulus describes the processes occurring
with a reversible change in the distance between the
molecules or atoms that significantly differs from the
macroscopic fibers movement. Therefore, the “effec-
tive module» parameter has been introduced to assess
the tensile resistance of the nonwoven fabrics and the
cooresponding impregnated materials.

The E, and ¢, parameters are used to determine the
effect of the impregnation degree on the tensile strength of
the composite materials based on fibrous fillers of various
chemical compositions. The technique of ¢, value speci-
fication is shown in Fig. 1b with the dotted line.

The impregnation degree influence on the tensile
resistance of chemically different fibers based
composite materials

The E,on C,, dependences in the longitudinal and
transverse deformation directions for the discussed non-
woven composite materials are shown in Fig.4.

The E,on C, dependences in the transverse and lon-
gitudinal deformation directions for the composite ma-
terials with different chemical structure have an extreme
appearance. The impregnation degree at which the effec-
tive tensile modules have the maximum values depends
on the nonwoven fabric composition. The maximum

a
20
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E,, MIla
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Fig. 4. The effective tensile modulus (£, MPa) (in the transverse (a) and longitudinal (b) directions) on the
impregnation degree dependences for the polyacetal (1), polyethyleneterephthalate (2) and polypropylene (3) fibers

composite materials
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values of the effective modulus of the polyacetal fiber
based composite material is respectively 25% and three
times higher than ones of the polyethylene terephthal-
ate and polypropylene fibers based composite materi-
als. The effective tensile modulus of different chemi-
cal structure composite materials suddenly decreases
(Fig. 4a, b) when the impregnation degree is greater
than the optimal.

The maximum value of the effective tensile modulus
for the polyacetal fibers based composite materials in the
transverse deformation direction is achieved at an im-
pregnation degree of about 0.45 and in the longitudinal
direction — about 0.35 (Fig. 4b, curve 1). When using the
polyethylene terephthalate and the polypropylene fibers
based nonwoven fabrics, the maximum values of the ef-
fective tensile modulus in the transverse and longitudinal
directions are observed at an impregnation degree of ap-
proximately 0.5—0.6 (Fig. 4b, curves 2 and 3).

In addition, it follows from the £, on C, dependenc-
es that the effective longitudinal and transverse tensile
modulus begins to increase with a degree of impregnation
greater than 0.25 (Fig. 4a, b, curvees 2 and 3) (for the
polyethylene terephthalate and polypropylene fibers based
materials). The monotonic increase in the effective tensile
modulus is observed with an increase of the impregnation
degree from 0 to 0.4 in the longitudinal direction and from
0 to 0.5 in the transverse direction (Fig. 4a, b, curve 1) of
the experimental samples deformation.

The maximum values of the effective tensile modulus
for the polyacetal fibers based composite material with an
optimal impregnation degree, as well as an increase in the
effective tensile modulus with a change in the impregna-
tion degree from 0 to the optimal value can be explained
by the specific wettability of the polyacetal (compared
to polyethylene terephthalate and polypropylene) fibers
with the polyurethane water dispersion. This concept is
confirmed by the studies of the distilled water wetting edge
angles for the polyethylene terephthalate, polypropylene
and polyacetal films (the relative analogues of fibers’ sur-
faces). The wetting angle for the polyethylene terephthal-
ate films was 68°, for the polypropylene films — 87°, and
for the polyacetal films — 62° [37—39].

The influence of the impregnation degree
on the porosity of chemically different fibers
based composite materials

It is necessary to explain the decrease in the effective
tensile modulus of the composite materials when the degree
of impregnation is greater than the optimal value (Fig. 3a,
b). We’ve studied the dependence of the porosity coeffi-
cient on the impregnation degree for the composite materi-
als based on various chemical compositions fibers (Fig. 5).

At the maximum impregnation degree of 1.22, the
porosity coefficient of the considered composite materials

Fig. 5. Dependences of the porosity coefficient on the
impregnation degree for the composite materials based
on polyacetal (1), polyethylene terephthalate (2) and
polypropylene (3) fibers (at C,, = 0 — the average poros-
ity coefficient of various compositions fabrics, assumed
tobe 0.9)

was 0.84 and 0.80, respectively (Fig. 5, curves 1 and 2).
We’ve found the porosity coefficient of the polypropyl-
ene fibers based composite material equal to 0.6 (at the
impregnation degree of 1.22) by the curve 3 (Fig. 4) ex-
trapolation. The lower value of the porosity coefficient
for the composite materials based on the polypropylene
fibers is a consequence of the worse (compared to poly-
ethylene terephthalate and polyacetal fibers) wettability
with the polyurethane water dispersion [37—39] and with
the concentration of binder particles in the space between
the fibers leading to a decrease in pore volume. When
impregnating the nonwoven fabrics made of polyethylene-
terephthalate and polyacetal fibers, the binder particles are
deposited directly onto the fibers’ surface, which leads to
an insignificant change in porosity with a relatively high
degree of the impregnation.

The chemically different fiber based composite materi-
als with a degree of impregnation greater than 0.35—0.50
(or greater than the optimal value at which the maximum
effective tensile modulus is achieved (Fig. 3)) have the
relatively high values of the porosity coefficient, which
indicate that the pores of the materials are not filled with
particles of binder.

The structure of polyacetal fibers based composite
materials when the impregnation degree varying

We studied the cross sections micrographs of the
polyacetal fiber based composite materials with the im-
pregnation degrees of 0.17, 0.44 and 0.81 (Fig. 6). With
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500 MM

Fig. 6. Micrographs of cross sections of the composite materials reinforced with a polyacetal fibers cloth, with the

impregnation degrees of 0.17 (a), 0.44 (b) and 0.81 (c¢)

a degree of impregnation of 0.44, the effective tensile
modulus in the transverse direction has the maximum
value (Fig. 3).

The polyacetal fibers based composite materials mi-
crophotographs analysis shows that the distribution of
the binder in the volume of the fibrous filler is local and
depends on the impregnation degree. At the minimum
impregnation degree (C,, = 0.17), the binder is con-
centrated in separate areas along the thickness of the
sample (Fig. 5a). Increasing the impregnation degree
to 0.44 leads to an increase in the area of the fabric sec-
tions filled with the binder (Fig. 5¢). At the impreg-
nation degree of 0.81, a relatively uniform distribution
throughout the thickness of the composite material is
observed (Fig. 5b).

The formation of bonds between the polyacetal fibers
at different impregnation degrees is shown in Fig. 7.

Figure 7a shows that at the impregnation degree of
0.17, binder particles are deposited at the points of con-
tact between polyacetal fibers, and the surface of the fi-
bers remains free. As the impregnation degree increases
to 0.44, at which the polyacetal fibers based composite
material has a maximum effective modulus in the trans-

verse direction, nanoscale “bridges” of binder particles
are formed between the fibers. The bridges are located
at a considerable distance from each other and connect
several fibers together.

At the impregnation degree of 0.17, local deposition of
binder particles on the fibers’ surface is observed. Bridges
are formed between two adjacent fibers located at a short
distance less than the diameter of the fibers. The space
between the fibers (pores) is not filled with binder particles
(Fig. 7b).

The bridges between the fibers of the composite ma-
terial with the impregnation degree of 0.17 and 0.44 fit
tightly to the surface of the fibers, which indicates the
significant strength of the bonds between the fibers at
the fiber-binder interface. The limitation of the fibers’
mobility in a force field is reflected by an increase in the
effective tensile modulus (Fig. 3).

A micrograph of a composite material based on a poly-
acetal fibers with an impregnation degree of (.81 is shown
in Fig. 8.

The peeling of the binder shell from polyacetal fibers
(Fig. 8) is a consequence of polyurethane shrinkage dur-
ing heat treatment [33, 34]. During heat treatment of the

200 Mkm

Fig.7. Micrographs of fiber-to-fiber contacts in a composite material based on a polyacetal fibers with the
impregnation degrees of 0.17 (a), 0.44 (b) and 0.81 (c) (in Fig. 7a, the arrows point to the contacts between fibers
connected by binder particles; in Fig. 7b, the arrows mark the places where nanoscale “bridges” are located between
the fibers; in Fig. 7c, the arrows mark the interface between the fibers and binder)
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Fig. 8. Micrograph of the contact between polyacetal
fibers of a composite material with an impregnation
degree of 0.81 (the arrows point to the separation of the
binder shell from the fibers)

impregnated fabric, as a result of [volatilization (evapora-
tion)] evaporation of water, the volume of dispersion in
the space between the fibers decreases, which leads to the
convergence of polyurethane particles and an increase in
intermolecular interaction.The relationship between the
physical interaction at the polyurethane-polyacetal fiber
interface and the intermolecular interaction between poly-
urethane macromolecules in the volume of the particles
depends on the thickness of the adsorption shell of the
binder on the surface of the fibers. At a certain thickness
of the shell, the intermolecular interaction in the volume
of polyurethane particles begins to prevail over the inter-
action at the interface of the polyurethane-fiber phases,

which leads to the delamination of the shell from the fiber
surface (Fig. 8).

In addition, the peeling of the polyurethane shell from
the polyacetal fiber surface may be the result of the paral-
lel adsorption of both binder particles and water molecules
(which is a dispersed medium) on the fibers’ surface. The
relatively high content of oxygen atoms in polyacetal mac-
romolecules determines the increased adsorption of water
molecules compared to the polyurethane particles. The
formation of water molecules shell on the fibers’ surface
reduces the bond strength between the binder particles
and the fiber surface. This leads to the polymer shell peel-
ing during the heat treatment contributes.

CONCLUSION

— when impregnating the nonwoven fabrics from the
polyacetal fibers, the composite materials with a large
effective modulus (and tensile strength resistance)
were obtained (in comparison with the fabrics made of
polyethylene terephthalate and polypropylene fibers);

— the maximum values of the effective tensile modulus
for the polyacetal fibers based composite materials are
observed in the transverse direction at the impregna-
tion degree of 0.44 and in the longitudinal direction
at the impregnation degree of 0.35;

— when the effective tensile modulus maximum is
achieved with the optimal value of the impregina-
tion degree, the binder particles are concentrated on
the polyethyleneterephthalate and polyacetal fibers
surfaces, which makes it possible to produce the com-
posite materials for the construction purposes with the
porosity of near nonwoven fabrics used.

The work was carried out with the financial support of the Ministry of Science and Higher Education of Russian Federa-

tion (State Task No. FZRR-2023-0003)
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