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The mechanical properties of nanocomposites based on polypropylene and Teflon with multi-walled
carbon nanotubes (MWCNTSs) were investigated. In this study, the absolute value of the elastic modulus (F),
elasticity limit (or), anelasticity limit (ov2), and ultimate stress limit (os) of nanocomposites based on
polypropylene (PP) with 5 %, 0.5 %, and 0.1 % MWCNTSs were determined. The influence of ultrasonic
deformation (eus) on the mechanical properties of nanocomposites based on polypropylene, teflon, and
MWCNTSs was also examined. A key factor in the modification of composite polymeric materials is the degree
of adhesion at the interface, which is determined by the interaction of macromolecules with multi-walled
carbon nanotubes. Since aromatic groups in various families of free monomers act as effective radical traps,
they enable interaction with MWCNTSs. This interaction, due to covalent bonding, leads to the fixation of
polymer chains on nanotubes and the migration of radicals to the traps. The correlation between the
crystalline and amorphous components of polymer macromolecules interacting with rigid MWCNTs
influences the elastic and inelastic characteristics of the nanocomposites. Multi-walled carbon nanotubes
have a highly disordered structure, whereas strictly ordered crystals are idealized objects. One of the
methods to deliberately modify the properties of MWCNTs for nanoelectronics applications is the
introduction of foreign element impurities. An increase in the crystalline degree of nanocomposites with
rising MWCNT concentration, along with nanotube filling of the polymer matrix, results in a reduction of
the well-organized phase content. The results of this work are important for understanding and predicting
the properties of composite materials based on polymer matrices with carbon fillers.
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1. INTRODUCTION comparable to the De Broglie wavelength for electrons
(i.e., from several to hundreds of nanometers,

The mechanical characteristics of nanocomposites App = 10-100 nm, fundamentally differ from those of

based on polypropylene and Teflon with multi-walled
carbon nanotubes MWCNTS), in which the number of
atoms on the surface is comparable to the total number
of atoms, and whose dimensions in at least one direction
range from several to hundreds of nanometers,
fundamentally differ from those of macroscopically
homogeneous systems.

Quantum-size effects, which are absent in
macroscopically homogeneous systems, play a
significant role in such nanocomposites. Examples of
such nanostructures include MWCNTs, materials with
quantum wires, quantum wells, and quantum dots.
Depending on chirality (i.e., the orientation of the roll
axis relative to the graphene layer), MWCNTSs can have
a band gap g = 0+1.2 eV, changing their properties from
metallic to  semiconducting [1-3]. Impurities
significantly impact the vibrational spectrum of the
crystal lattice, the energy spectrum of electrons, and the
mechanical properties of MWCNTs.

The characteristics of polymer nanocomposites,
whose dimensions in at least one direction are
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macroscopically homogeneous systems. In such polymer
nanocomposites, quantum-size effects, which are
absent in macroscopically homogeneous systems, play
an important role [4].

The total deformation of the nanocomposite based on
polypropylene and multi-walled carbon nanotubes
consists of elastic and anelastic components: ey = £g + €4E
[5]. Elastic deformation ek occurs “instantly.” A key factor
in polymeric matrix formation is the creation of
molecular structures, with MWCNTs serving as
nucleation centers for the crystalline phase.

The influence of ultrasonic (US) deformation £ on
the elastic and anelastic characteristics of a
nanocomposite based on polypropylene, Teflon, and
MWCNTs was studied. Even relatively small strains
can accumulate in non-ideal crystals, altering their
anelastic and elastic characteristics [6-8]. One of the
ways to purposefully modify the properties of MWCNTSs
for applications in nanoelectronics is the introduction of
impurity atoms of other elements.
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1. EXPERIMENTAL METHODS

For measuring the stress-strain diagram (c—¢) and
the static elastic modulus (E), the IMASH-20-75 device
was used [9]. To measure the dynamic elastic modulus
(E), the impulse-phase method was applied at
frequencies f=1.67 and 5 MHz under deformation
£~ 10-7. The measurement error of the relative change
in the dynamic elastic modulus was AE/E = 0.5 % [10]. To
determine the elastic modulus (£) and internal friction
IF) (@-1), the complete piezoelectric oscillator method
was used at a frequency of f = 118 kHz under deformation
£=10-61in vacuum conditions (P~ 10-3 Pa).

Atomic force microscopy (AFM) and optical observation
of the microstructure using the "LOMO MVT" microscope
were performed. A shallowly dispersed smooth surface
was observed, where small islands coalesce and their
shape becomes rounded. The sites exhibited a highly
fragmented structure consisting of slightly misoriented
islands with a size of H = 400+80 nm.

The US impulse-phase method using the
computerized "KERN-4" system at frequencies f1L~ 0.7
MHz and fi=1 MHz was employed [11-14]. The
measured velocity error was AV/IV= 1.5 %.

To analyze the experimental data obtained, we also
conducted computer modeling of the mechanical
behavior of individual components of the studied
composites. In particular, the mechanical response of a
multi-walled carbon nanotube was investigated using
molecular dynamics simulations. The model structure
consisted of three coaxial nanotubes of different
diameters, created with the Atomsk software package.
The interactions between carbon atoms in the nanotube
were described by the Tersoff potential [15]. All
calculations were performed using the LAMMPS
molecular dynamics package.

The generated structure was first subjected to an
energy minimization procedure using the conjugate
gradient method. Next, the system was equilibrated in
the NPT ensemble for 500 ps. Finally, the nanotubes
were uniaxially stretched at a constant rate, during
which the relative strain and internal mechanical
stresses in the structure were calculated. The obtained
dependencies were used to determine the elastic
modulus of the nanotubes by linear approximation of
the elastic deformation region. The obtained values of
the elastic modulus in different computer experiments
ranged from 700 to 900 GPa.

2. RESULTS AND DISCUSSION

The total deformation of a nanocomposite based on
a polymer and MWCNTSs consists of elastic and
anelastic = components: £y = €E + €AE. Anelastic
deformation (eap) is caused by the motion of
dislocations, while the elastic deformation (¢g) occurs
instantaneously.

During the recording of the stress-strain (o—¢)
curves, two loading-unloading cycles were performed.
The absolute values of static elastic modulus (E), yield
stress (og), anelastic limit (ov.2), and ultimate tensile
strength (os) were determined based on the mean slope
angle (tga) of the linear sections of the unloaded and
reloaded curves. The stress-strain diagram (o—¢) of the
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nanocomposite based on polypropylene with 5 %
MWCNTs is shown in Fig. 1.

Under mechanical loading, the total deformation of
a real crystal consists of both elastic and anelastic
components: ey=¢cg +eak. Anelastic deformation (eag) is
caused by the motion of dislocations, while the elastic
deformation (gg) occurs instantaneously. Anelastic
deformation also exhibits a temperature dependence
eag(T), which is associated with the presence of
relaxation times (7) characterizing the motion of
crystalline structure defects.
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Fig. 1 — Stress-strain (o—¢) diagram of the nanocomposite
based on polypropylene and 5 % MWCNTs
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Fig. 2 — Stress-strain (o—¢) diagram of the nanocomposite
based on polypropylene and 0.5 % MWCNT's

For the nanocomposite based on polypropylene with 5 %
MWCNTs, static elastic modulus was determined to be
approximately E = 1.623 GPa, elasticity limit o ~ 20.83
MPa, anelastic limit ov2~ 30.72 MPa, and ultimate
tensile strength os =~ 40.09 MPa.

There are two characteristic values of the elastic
modulus: the anrelaxation elastic modulus (E4r) and the
relaxation elastic modulus (Er). Under an externally
applied periodic stress o(w) with frequency o, the
experimental elastic modulus takes an intermediate
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value within the range Er < E < Eagr. The stress-strain
diagram (o) of the nanocomposite based on
polypropylene with 0.5 % MWCNTs is shown in Fig. 2.
The relative change AE/E is given by:
AE/E=(E - Er)/Er=A/(1 + w212), where the maximal
defect of the modulus A= (Ear— Er)/Ear, Ear -
anrelaxation, Er — relaxation elastic modulus. Ear was
measured in time of appendix of tension o, when a
anelastic contribution is to deformation eag=0; Er
measured after a time At>>7, when anelastic
deformation maximal e4g=max. For polypropylene +
0.5% MCNTSs static elastic modulus E=1.262 GPa,
elasticity limit or~21.15 MPa, anelasticity limit
o02~28.37 MPa were. The diagram of strain —
deformation (o—¢) of nanocomposite based on
polypropylene and 0.1 % MCNTs is represented in Fig. 3.
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Fig. 3 — Stress-strain (o—¢) diagram of the nanocomposite
based on polypropylene and 0.1 % MWCNTs

For the nanocomposite based on 0.1 % MWCNTs
and polypropylene, elastic modulus was determined as
E = 0.8942 GPa, elasticity limit as or~ 18.78 MPa, and
anelasticity limit as ov2 = 21.19 MPa. The value of A is
determined by the number of microrelaxations of
different types and their individual contributions to
anelastic deformation &4z at temperature 7. The
contributions of different microrelaxations are
summed. At temperatures where the defect of the
elastic modulus AE/E increases sharply, relaxation
maxima IF @m-! appear in the temperature
dependences. The considerable width of the AE/E
relaxation peak over temperature indicates a broad
distribution of activation parameters H for the
corresponding relaxation processes. The stress—strain
(o—¢) diagram of polypropylene is shown in Fig. 4.

The absolute values of the longitudinal velocity V|
and shear velocity Vi=617+10 m/sec for the
nanocomposite based on Teflon-4 and MWCNTSs were
determined. After irradiation, the decrease in velocity
of longitudinal ultrasonic elastic waves V|, velocity of
transverse ultrasonic elastic waves V1, elastic modulus
E, and shear modulus G of the specimen was observed.
Absolute values of longitudinal velocity V| and shear
velocity Vi=893+ 10 m/sec for the nanocomposite
based on modified Teflon-3M and MWCNTSs were also
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determined. The correlation between the crystalline and
amorphous components of polymer macromolecules,
which interact with rigid MWCNTSs, influences anelastic
and elastic characteristics of mnanocomposites. For
polypropylene + 0.5 % MWCNTS, static elastic modulus
E~=1.262 GPa, elasticity limit og=21.15 MPa, and
anelasticity limit ovs2~28.37 MPa. For polypropylene
+ 0.1 % MWCNTS, static elastic modulus £ = 0.8942 GPa,
elasticity limit or~18.78 MPa, and anelasticity limit
ov2~21.19 MPa. Electronic irradiation results in an
increased degree of crystallinity and growth of elastic
modulus E, shear modulus G, and microhardness H = E/10
of nanocomposites. This occurs due to the formation of
additional bonds that enhance interfacial adhesion at the

boundary and the cross-linking of internal layers of
MWCNTs.

25

g, %
Fig. 4 — Stress-strain (o—¢) diagram of polypropylene

For polypropylene in Fig. 4 static elastic modulus
E=1.367 GPa, elasticity limit or = 15.10 MPa,
anelasticity limit ov.2 =~ 22.41 MPa.

The concentration dependence of static elastic
modulus E(C) for the nanocomposite based on
polypropylene and MWCNTs is shown in Fig. 5.
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Fig. 5 — Concentration dependence of the static elastic

modulus E(C) of the nanocomposite based on polypropylene
and MWCNTs
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The presence of interaction, even at a negligible
quantity of reinforcing nanotubes, contributes to a
substantial increase in many functional properties of
polymers. During the irradiation of composites, with an
increasing  irradiation dose and nanotube
concentration, processes of macromolecule cross-linking
occur, improving the specimen structure. At lower
doses, this is accompanied by the formation of
nanostrains o;, which relax as the irradiation time
increases. The formation of additional bonds,
stimulated by radiation-induced defects, can also result
from the cross-linking of internal MWCNTs layers. As
the absorbed dose increases, leading to a rise in the
number of internal carbon atoms Cj, both mechanisms
of additional bond formation contribute to the
enhancement of mechanical properties. This is
accompanied by an increase in elastic modulus E and
microhardness H~ E/10 of nanocomposites as the
irradiation dose D increases. The oscillogram of
impulses with transversal polarization, which are
reflected in nanocomposite based on Teflon-4 and
MWCNTs is represented in Fig. 6.

Fig. 6 — Oscillogram of impulses with transverse polarization
reflected in the nanocomposite based on Teflon-4 and
MWCNTSs

The threshold radiation dose D is determined by the
need to generate a sufficient number of electron carriers
(e"). The electrical resistance R and total conductivity o

of nanotubes with a quasi-ballistic scattering
mechanism [16]:
=L
R _O'S’ (1)
__e*nt(Ep)
o=, @)

To determine the temperature position of the
relaxation of the elastic modulus AE/E, the temperature
dependence of E was measured simultaneously with IF
measurements. Annealing of structural defects distorts
the shape of the IF temperature spectrum. During
annealing, impurities and vacancies V are released. The
absolute values of the longitudinal velocity V| and
shear velocity V1=617 + 10 m/sec for nanocomposites
based on Teflon-4 and MWCNTs were determined. The
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Poisson’s ratio was calculated using the formula:

_ vt

= [17-18]. The
Ho5%MWeNT+T = 0.332 and  teumwenT+smr= 0.358. After
irradiation, the decrease of velocity of longitudinal
ultrasonic elastic waves V|, velocity of transverse
ultrasonic elastic waves Vi, elastic modulus £ and
shear modulus G of the specimen was observed. The
concentration dependence of dynamic elastic modulus
E(C) for the nanocomposite based on modified Teflon-4
and MWCNTs is shown in Fig. 7.

values obtained were

C, %

Fig. 7 — Concentration dependence of the dynamic elastic
modulus E(C) of the nanocomposite based on Teflon-4 and
MWCNTSs

The oscilloscope trace of pulses with transverse
polarization, reflected in the nanocomposite based on
modified Teflon-3M and MWCNTs, is shown in Fig. 8.

60 |

40

Fig. 8 — Oscillogram of impulses with transverse polarization
reflected in the nanocomposite based on modified Teflon-8M
and MWCNTSs

The absolute values of longitudinal velocity V| and
transverse velocity Vi=893+10 m/sec for
nanocomposites based on modified Teflon-3M and
MWCNTSs were determined. Concentration dependence of
the dynamic elastic modulus E(C) of nanocomposite based
on modified Teflon-3M and MWCNTs is shown in Fig. 9.
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Fig. 9 — Concentration dependence of the dynamic elastic
modulus E(C) of the nanocomposite based on modified Teflon-
3M and MWCNTs

Under the application of external periodic stress
o(®) with frequency , the experimental elastic modulus
takes an intermediate value Er < E < Ear. AE/E = (E —
ER)/Er = Al(1 + »?12) where the maximal defect of the
modulus A is given by: A = (Ear — Er)/Eir. Here, Er is
the relaxation elastic modulus, and Ear is the anelastic
modulus. Ear was measured at the moment of stress
application o, when the anelastic contribution to
deformation esaz=0. Er was measured after a time
interval Af>>7, when the anelastic deformation
reaches its maximum ez = max. Electronic irradiation
leads to an increase in the degree of crystallinity and
the growth of the elastic modulus E, shear modulus G,
and microhardness H = E/10 of nanocomposites. This
occurs due to the formation of additional bonds, which
enhance the interface at the phase boundary and result
in the cross-linking of internal layers of MWCNT. The
concentration dependence of the elasticity limit or(C)

for the nanocomposite based on polypropylene and
MWCNTs is shown in Fig. 10.

21 F

C, %

Fig. 10 — Concentration dependence of the elasticity limit
oE(C) of the nanocomposite based on polypropylene and
MWCNTSs
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The presence of cooperation, even at a negligible
amount of reinforcing nanotubes, contributes to a
substantial increase in many functional properties of
polymers. Concentration dependence of the anelasticity
limit o002C) of the nanocomposite based on
polypropylene and MWCNTs is shown in Fig. 11.
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Fig. 11 — Concentration dependence of the anelasticity limit
00.2(C) of the nanocomposite based on polypropylene and
MWCNTSs

The relationship between stress 6 = F/S and strain
e =1/l, for polymers is given by [19]:

5="L2(e— ), ®)

where [, is the initial polymer length, [ is the stretched
polymer length, M. is the average molecular weight of
the unit contained between the cross-links, and p is the
specific polymer density. For elastic modulus:

_ 0 __ 3pRT _ 3pRTq
E=2=300 34 @
& Mc Mo

where g — cross-links density. The relationship between
elastic modulus E, the cross-linking quantum yield F,
and the radiation dose D is:

__ 6pRTDFx
E =" %)

Equation (5) is valid only for small deformations ¢,
when the "entanglement" of polymer molecules can be
neglected. Relation (5) predicts that elastic modulus E
should increase with the increasing radiation dose D at
a rate proportional to the cross-linking quantum yield F.

During electron e~ irradiation, vacancies V and
internodal atoms oJ; appear. Point defects introduced by
irradiation cannot exist in a free, isolated state but
combine into double V-V, Ji-Ji and triple V-V-V
complexes.

Radiation treatment allows, through the directed
effect on the defective and crystalline structure of
MWCNTs, as well as through physical and chemical
transformations, to achieve mechanical properties that
cannot be obtained by other methods.

For relativistic electrons e ~of low energies, anelastic
collisions with atomic electrons are the main source of
energy loss W. Collisions occur quite frequently, and the
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mean free path Ac” relative to anelastic collisions in Si is
of the order of the crystal lattice constant A.%=a; the
energy loss Win each collision event is small (scattering
is neglected). Therefore, the discrete nature of energy
losses can be neglected. In this approximation, to
describe the transfer processes, it is sufficient to know
the average energy losses per unit path 2. ~[20].

The Poisson’s coefficient p in Fig. 12 is equal to the
ratio of relative transversal compression £, to relative
longitudinal elongation £| and is given by [21, 22]:

e 1 1

EII_E 1+1_(Z—Dz, (6)

where V| — quasilongitudinal US velocity, V1 —
quasitransversal US velocity.

U=

Fig. 12 — Stereoprojection of Poisson's ratio x isolines of SiOz

Dynamical elastic modulus E = pV)2 of SiOg is shown
in Fig. 13. Poisson’s coefficient y is the elastic constant,
which is equal to the ratio of relative transversal e
compression to relative longitudinal elongation |, and
is given by [23]:

. x AX 1
= —_0 = —E = — - 7
u = # TR )
1,2_y2
yz-v
- 2 | T 1 1 1
=—-—= ==[1+—=|. 8
H € vi-v: 2 1_(&)2 (®)
Vi
One oscillator produces three waves: one

longitudinal and two transversals. Debye temperature
6, was determined using the formula [24]:

1
. 1
Y CLTAEN (ERE A
bp = kB*(4nA) *(V"a—l—Vf)’ ©)

where kg — Boltzmann constant, h — Plank constant, Na
— Avogadro number, A — middle gram-molecular mass.
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Fig. 13 — Stereoprojection of dynamic elastic modulus E of SiO2

Radiation treatment, through its directed effect on
the defective and crystalline structure of MWCNTSs, as
well as through physical and chemical transformations,
allows for the attainment of mechanical properties that
cannot be achieved by other methods.

3. CONCLUSIONS

1. The absolute values of elastic modulus E, elasticity
limit oz, anelasticity limit ov.2, and ultimate stress limit
os of the composites with 5% carbon nanotubes +
polypropylene, 0.5 % carbon nanotubes + polypropylene,
and 0.1% carbon nanotubes + polypropylene were
determined.

2. The increase in the crystalline degree of the
nanocomposite with the growth in the concentration of
multiwalled carbon nanotubes (MWCNTSs), filling the
matrix with nanotubes, results in the decrease in the
content of the well-organized phase.

3. The obtained results can be used in the
development of practical recommendations regarding
the use of nanocomposites based on polypropylene and
teflon with MWCNTs as materials for nanoelectronics,
for the creation of filters, diodes, transistors, and new
devices for recording and processing information.

4. The spread of the internal friction AQum-!
maximum represents the relaxation process of new types
of structural defects.

5. As a result of the mechanical study, the presence
of a strong effect between polypropylene, Teflon, and
MWCNTSs was confirmed.

6. The obtained results can be used in the
development of practical recommendations regarding
the use of nanocomposites based on polypropylene and
Teflon with MWCNTSs as nanoelectronics materials for
the creation of filters, diodes, transistors, and new
devices for recording and processing information.
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CraTudyHuii i AUHAMIYHAUN DPYKHI MOIYJIi HAHOKOMIIO3UTIB IMOJIINIponijieHa, TedioHa Ta
0araToCTiHHUX ByIJIelleBUX HAHOTPYOOK

A.II. Oumanxo!, B.B. Kypumox!, 10.A. Oranxo?, A.M. Kypumox!, JI.B. Kyasemuu2, O.I1. JImurpenxol,
M.IIL. Kymim!, T.M. ITizuyk-Pyraas!, O.I'. Pyrans!, C.A. Kysomumu2

1 Kuiscokuli naulonanvruli yrnieepcumem imeni Tapaca Ilesuenra, 01601 Kuis, Yipaina
2 Tnemumym 800Hux npobnem i meniopauii HAAH, 03022 Kuis, Yrpaina

JocmimxeHo MexaHIYHI XapaKTEePUCTUKKM HAHOKOMIIOSWTIB HAa OCHOBI IIOJAIPOIIeHy, TedJoHy 3
baratomaposumu ByruienieBumMu HaHotpyokamu (BIIIBHT). ¥V pobGori BusHaueHO abCOIIOTHE 3HAYEHHS
Moy st mpyskHocTi (E), Mexi npyskHOCTI (OE), MeKl HempyskHOCTI (0v,2), MeK1 MIITHOCTI (05) HAHOKOMIIO3UTIB
Ha ocHoBI mosinpomisery (IIIT) + 5 % BIIBHT, IIII + 0,5 % BIIBHT, IIIT + 0,1 % BIIBHT. Hocaimxeno

BIIUB yJIBTPA3BYKOBOI Jedopmarrii

(ey3) Ha MexaHIYHL

BJIACTHBOCTI1 HAHOKOMIIO3UTY Ha OCHOBI

nosinpomisiery, tedsony Ta BIIBHT. Ilpu mommdikyBaHHI KOMIIOSHUI[IMHHUX IIOJIMEPHUX MaTepiasis
BAKJIMBUM CTYIIHb ajaresil Ha Meskl MOALLY, SIKMI BH3HA4YaeTbcsl B3aeMmozie maxpomoserys 3 BIIBHT.
OCKIZTbKM apOMATHYHI TPYIH, M0 3HAXOIATHLCA B PISHUX POAUHAX BIIBHUX MOHOMEDIB, € e(eKTUBHUMU
HacTKaMHU pPaauKaJIiB, Ie J03BoJiste 3aiiicHoBaTy ix B3aemoxmiio 3 BIIIBHT. Taka B3aemomis 3a paxyHOK
KOBAJIEHTHUX CHJI 3B'SI3KY IIPU3BOJUTH 10 piKcallli moJIiMepHHUX JIAHIIOTIE HAHOTPYOOK, a TAKOK 10 MIirparrii
pagukaiiB Ha macTkax. CHOiBBITHOIIEHHA KPHUCTAIIYHOI Ta aMOpdHOI CKJIAZ0BOI MAKPOMOJIEKYJI IIOJIIMepiB,

Akl B3aemopmitorh 13 TBepaumu BIIBHT,

BIIMBAIOTh HA HEIPYIKHI

Ta TPY:KHI XapaKTEePUCTHUKH

Hanoxkomnoa3uTis. BIIIBHT matoTh nyske HEBIOPAIKOBAHY CTPYKTYPY, 1 CTPOr0 BHOPSAKOBAHI KPHUCTAJIHU €
imeasrizoBarumu 060'ekramu. OoHUM 13 €110co0iB 1iiecnpsaMoBaHol aminu Biaactusocreir BIIIBHT 3 meromo ix

BUKOPHUCTAHHS B HAHOEJEKTPOHII[l € BBEJEHHS JIOMIIIOK
HAHOKOMIIO3UTY IIpA BHUPOILyBaHHI

KpucTagisarii

BIIBHT,

301/IbIIIeHHST  CTYIICHS
BIIIBHT, 3amoBueHHSA

IHIIUX eJIEMEeHTIB.
KOHIIeHTpalii

HAHOTPYOKAMU MATPHUIN IPU3BOIKUTDH 10 3HUMKEHHS BMICTY J00pe opradisoBaHoi dasu. PesymbraTtu poboTn
MaoTh 3HAYEHHS JIJI PO3YMIHHS 1 IPOTHO3YBAHHSI BJIACTHBOCTEM KOMIIO3WUTHHUX MaTepiasiB HA OCHOBI

HOJ’IiMepHI/IX MaTpPHUILb 3 BYIVICI[eBUMHU HAIIOBHIOBA4YaMH.

Kmarouosi caosa: [lpymxuuit  momysib,
VibsrpassykoBa gedopmarris.
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