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Abstract

Research results of the effect of nanodispersed ceramic powders on properties of nanocomposites
based on high pressure polyethylene are given. It has been shown that the addition of the nanodispersed
modifiers SiC, TiO, leads to grinding up polyethylene grains up to the sizes of less than 0.1 um. Herewith,
an increase of the density and fastness to rubbing of polyethylene is observed, as well as the decrease in
gas permeability (in 1.5 times) and water vapour permeability (in 1.7 times).
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INTRODUCTION

To widen the range of properties of plastic
masses the method of filling them with inor-
ganic materials have long been used [1]. One
of the promising methods of modifying poly-
mers is the use of mechanically activated ce-
ramic powders.

Highlight the main factors that contribute
to structuring the activity of nanodispersed
powders (NDP), for establishing regularities
directed modifying materials.

The presence of the dispersed phase in the
volume of the polymer creates the conditions
for its hardening having influence on the dy-
namics of dislocations. In this case, such a ma-
terial can be considered as a dispersedly-rein-
forced composite. Consider the mechanism of
hardening of composites reinforced with dis-
persed particles. Under the influence of the
applied voltage, the sources of dislocations form
dislocation loops, surrounding particles. The

number of loops of dislocations (n) depends
on the distance between particles:

n = lpc/Gm|b”| (1)
where [, is distance between particles; 0 is
applied voltage; G, is shear modulus of the
matrix material; b~ is Burgers vector of a
dislocation. The shear stress acting on the
particle is determined as

T =1,0°/G[b"| (2)
and the yield stress of the material reinforced
by particles (0,) as

0, = (GG~ |/1,0)*? 3)
where G, is shear modulus of the particle
material; C is constant characterising the
material type [2].

Thus, when modifying by disperse particles
strengthening the composite can be achieved
that is the yield stress increase. Herewith, the
shear modulus of the particle material
(G;) should exceed by value the shear modu-
lus of the matrix (G,,), otherwise, strength-
ening will not occur. If the particle is not wet-
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ted by the material, then the bubble with the
shear modulus, equal to zero, will be located
between the material and the particle. Accord-
ing to the equation (3), the yield stress is equal
to zero in this case and the material is
softened. Hence, for strengthening materials by
dispersed particles it is necessary for the parti-
cles to be moistened by the material [3]. Other-
wise, they will act as defects of the structure
worsening the properties of the material.

Two models defining the efficiency of wet-
ting NDP are known. The first one is related to
the decrease of the surface tension at the
boundary of the seed—melt interface under the
action of curvature (nanoparticle size) [4]. The
second model is based on lowering the surface
tension on the border of the seed—melt inter-
face under the action of the electric field [5].

Causes of the field could be so called elec-
trocontact interaction, as well as various de-
fects of the structure of mechanochemically
treated powders: charges at the surface of par-
ticles, through nanopores that serve as elevat-
ed channel of conductivity, ion
radicals, etc. The basis is the model of W. Tiller,
in which features of the electric field associat-
ed with the properties of the particles are an-
alyzed. He estimated the electrostatic contribu-
tion for the parameter of wetting of the sub-
strate by the melt. At the close contact of two
media, a potential difference, equal to the dif-
ference of the Fermi levels arises. As a result,
two layers of electric charges of the opposite
sign, located on opposite sides of the phase
boundary are formed. Thus, the interface turns
out to be accommodated at some efficient ca-
pacitor. The specific energy of this capacitor
was considered by W. Tiller as a negative con-
tribution to the surface tension.

For the wettability of particles introduced
into the material, their surface can also be cov-
ered with substances, compatible with the ma-
terial itself.

From the stated above, it follows that ul-
tradispersed particles introduced into the mate-
rial for its modification should be very small or
charged or their surface should be covered with
substances, compatible with the material itself.

The authors of [6] defined a minimum par-
ticle size of ultradispersed powders (UDP) that
ensure the possibility of their wetting by any

material. They established that in the case when
the particle surface energy is equal to its heat
of melting, the minimum particle size is 1 nm.
But particles of such sizes in the isolated state
cannot be solid and in contact with any mate-
rial they are wetted by it, and the energy of
this interaction exceeds the energy of chemi-
cal bonds. Thus, this mechanism can be imple-
mented provided that the particle size of UDP
is in the range of 1-3 nm.

The average size of particles, for example,
carborundum (SiC) after the mechanochemical
treatment is about 50 nm; however, the modi-
fication result herewith is not worse. This is due
to the fact that at the mechanochemical treat-
ment of carborundum, cleavage of chemical
bonds occurs and in the volume of its particles
the charge is accumulated. According to the
theory by W. Tiller, these charged particles are
wetted well by polymers forming a new near-
surface phase of a polarized polymer.

In case when the mechanochemical treat-
ment does not allow stabilizing charges in the par-
ticles volume (for example, at the treatment of
calcium carbonate), their surface should be cov-
ered with a substance, compatible with the mate-
rial, into which they are introduced. Thus, at the
joint mechanochemical treatment of calcium car-
bonate with a polymer it is possible to completely
coat the surface of calcium carbonate particles.
Then, these particles covered with the polymer
can be used for modifying the polymer.

The calculation according to formula (3) be-
comes incorrect for alloys with a small size of
particles. In this case, the shear stress acting on
dispersible particles of the spherical shape of
the diameter (d) is determined by the ratio, T =
2nG,Jb~|/d and the yield stress of the alloy is
inversely proportional to the particle size:

0, = 2G,b"|/d @)
Here, particles hinder
dislocations; i. e. the dislocation loop is great, in
comparison with the distance between particles.

Therefore, the yield strength of dispersed-
ly hardened alloys containing large particles (siz-
es of particles are more than 0.1 pm) depends
on both the matrix strength and particles sub-
stance. And at small sizes of particles, the al-
loy strength is directly proportional to the shear
modulus of the matrix and inversely propor-
tional to the particles size (particles sizes are

the motion of
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0.001-0.03 pm) and does not depend on parti-
cles material

For the first time, polymeric nanocompos-
ites (PNC) based on montmorillonite layered sil-
icate and nylon-6 were obtained in the early
1990ies by Japanese researchers [7, 8]. The mod-
ulus of elasticity and strength of developed PNC
exceeded analogous characteristics of starting
nylon-6 in 1.7 and 1.4 times, respectively. Such
a significant improvement in mechanical prop-
erties was accompanied by the decrease of ther-
mal expansion coefficient in 1.5 times and the
increase of softening temperature from 65 to
152 °C. Herewith, the content of montmorillo-
nite amounted to only 4.7 mass %. The resulting
material is much lighter, compared to tradition-
ally used composites with an analogous complex
of mechanical and thermophysical characteris-
tics, in which the content of the inorganic com-
ponent lies usually in the range of 20—30 mass
%. These authors found that the introduction of
clay minerals into a polymer leads to a signifi-
cant decrease of the diffusion coefficient of var-
ious gases in the polymer matrix [9].

The shear modulus of polymers is always
smaller than shear modulus of ceramics, which
ensures the increase of the yield strength when
modifying polymers by particles of ceramics.
However, from formula (3) it follows that the
yield strength can be increased by reducing
the distance between by particles of ceramics.
This is achieved by the increase of the num-
ber of ceramic particles (i.e. number of ce-
ramics) or decrease of particles sizes at the
same mass of ceramics. Since the number of
particles from the same volume increases in
1000 times, then, when decreasing the size of
particles in 10 times the distance between par-
ticles also decreases in 1000 times. At the
present time, masterbatches with the size of
ceramic particles of the order of 1pm are
used, the transition into the nanoarea (sizes
of particles are less than 0.1 pm) should lead
to the increase of the yield strength of the
composite at a considerably lower concentra-
tion of ceramic particles.

The mechanochemical way of the prepara-
tion of masterbatches is most suitable for these
purposes, as allows simultaneously obtaining nan-
odispersed ceramic powders, cladding them for
the increase of the wettability and as a result of

dispergating, increasing the wettability due to the
appearance of charges on particles [10].

The goal of the present work is the investi-
gation of the effect of nanodispersed ceramic
powders on properties of nanocomposites made
based on of polyethylene of high pressure.

EXPERIMENTAL

The following materials were used in the
work: 1) high pressure polyethylenes of the
brands PEVD 15803-020 and LLDPE 6101 RQ
(PEVD and PE, correspondingly); 2) carborun-
dum SiC with the specific surface of 6—7 m?/g
and size of particles of 2000—100 nm obtained
by the mechanochemical treatment (MT) in cen-
trifugal planetary mills (sample M2—SiC: treat-
ment time in AGO-3 is 1 min; sample M3-SiC:
treatment time in AGO-3 is 5 min); 3) titanium
oxide R-FC5 for plastics with the size of parti-
cles of 0.18 pm, S, = 6.84 m®/g; 4) SiO, Rosil-
175, TU 2168-038-00204872-2001, S, =
155 m2/g; 5) CaCO; of the brand RM-1T, Ssp
= 441 m?/g; 6) Na-montmorillonite (bentonite),
State Standard GOST 28177—-89, of the brand
PIT1, S, = 17.36 m*/g.

Powders of polymers were mixed with pow-
ders of modifiers, and then samples of modi-
fied polyethylene were made from this mass
by the method of hot pressing and extrusion.

RESULTS AND DISCUSSION

Data on the effect of additives on the indi-
cator of abrasion of the compositions PEVD
(GOST 11012—69) are given in Table 1. It can
be seen that the increase of the amount of
the introduced modifier leads to the monotonic
increase of the wear resistance.

As follows from the data of the electron
microscopic study of samples of starting (un-
modified) polyethylene PE obtained by extru-
sion (Fig. 1, a) the grain size is of the order of
0.3 pm. Thermal pressing of starting (unmodi-
fied) polyethylene (see Fig. 1, b) leads to the
increase of the grain size by almost an order
of magnitude. Thermal pressing after modify-
ing by ceramic nanopowders 5 and 50 %
TiO, (see Fig. 1, c, d) is accompanied by grain
PE grinding to the size at the level of 0.1 pm.
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TABLE 1

Effect of modifiers on the indicator of abrasion of compositions PEVD

Samples Density, g/cm? Indicator of abrasion, mm?®/m
PEVD (initial) 0.9164 112
PEVD + 1 9% M2 0.926 0.85
PEVD + 4 9% M2 0.939 0.84
PEVD + 7 % M2 0.964 0.78
PEVD + 10 9% M2 0.985 0.72
PEVD + 15 9% M2 1.017 0.55
PEVD + 20 9% M2 1.064 0.45
PEVD + 1 % M3 0.924 1.37
PEVD + 4 9% M3 0.935 118
PEVD + 7 9% M3 0.966 0.98
PEVD + 10 % M3 0.987 0.80
PEVD + 15 9% M3 1.019 0.62
PEVD + 20 9% M3 1.065 0.59

TM-1000_1101 2009.04.07 L D22 x10k 1() pm TM-1000_1322 2009.04.22 L D23 x10k1( pm

Fig. 1. Electron microscopic images of brand PE polyethylene samples: a — initial (unmodified) obtained by extrusion; b—
d — obtained by thermal pressing (b — initial; ¢, d — after modifying by ceramic nanopowders of 5 and 50 % TiO,,
respectively).
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Density of modified samples of polyethylene PE (density of the initial sample is 0.863 g/cm?®)

Modifiers Treatment time Density, g/cm?
Composition Amount, % in AGO-3, s
TiO, 25 20 1.05
TiO, 5 20 0.966
TiO, 1 20 0.937
TiO, 0.01 20 0.927
SiO, 10 20 0.980
SiO, 5 20 0.952
SiO, 1 20 0.956
SiO, 0.01 20 0.929
CaCOq4 5 20 0.957
Na-montmorillonite

(bentonite) 5 20 0.950

Grinding grain of the polymer can explain
the increase of its wear resistance. Herewith,
the oxygen permeability of polyethylene de-
creases in 1.5 times, and vapour permeability —
in 1.7 times. The increase in the density of the
polymer at introducing in it additives of ce-
ramic nanoparticles even in hundredths of per-
cent (Table 2) is apparently associated with grain
grinding.

From the data of the X-ray phase analysis
(XPA), it follows (Fig. 2) that the introduction
of ceramic nanopowders into the polymer PE
leads to the decrease of its crystallinity. If the
nanopowder is mixed homogeneously with the

PE + 50 % CaCOs,

r—-————-—wm‘/\-v’s—-/\d A,

Prnrm AP

polymer, then even hundredths of a percent
of the nanopowder is enough for the product
to lose the crystalline structure.

The crystallinity change of the polymer
when introducing in it ceramic particles is as-
sociated with the appearance of the near-sur-
face phase around particles (Fig. 3). The appear-
ance of a new phase is clearly evidenced by
data of DTA for polyethylene PEVD (Fig. 4). It
can be seen that the thermal effect at the tem-
perature of 140 °C (see Fig. 4, a) is observed
for the initial sample PEVD. The decomposition
of PEVD starts at 460 °C. After the introduc-
tion into PEVD of ultrafine powders of inor-

p = 1374 g/cm?

S, U V. S U Uy

i PE+50% CaCOs, p=1419 g/cm?

PE + 50 % CaCOs3,

p = 1432 g/cm?

PE + 0.05 % CaCOs3, p = 0931 g/cm?

PE + 1% CaCOs, p = 0932 g/cm?®

PE + 1% CaCOs, p = 0932 g/cm?®

PE + 0.1 9% CaCOs,

p = 0926 g/cm?

Initial PE, p = 0.863 g/cm®

10 20 30 40 50
20, deg

60 70

Fig. 2. X-ray patterns of the initial and modified samples of polyethylene PE.
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Fig. 3. Scheme of the formation of the polymer structure
when its filling by modifying ceramic particles: 1 —
modifier particle; 2 — polymer particle; 3 — surface layer
of the polymer on the boundary with a modifying particle.

ganic modifiers (7 % SiC) an additional ther-
mal effect at 400 °C (see Fig. 4, b) is observed
what and proves the appearance of a new
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amorphous phase with an elevated thermal sta-
bility.

CONCLUSION

Thus, modifying polyethylene by nanopar-
ticles leads to grinding the grain of the poly-
mer, as in case of the modifying metals by
nanoparticles. It has been discovered that when
modifying polyethylene by nanoparticles a new
near-surface phase of the polymer is formed
and its crystalline structure is destroyed. When
modifying polyethylene by silicon carbide (treat-
ment time in AGO-3 is 3 min) in the amount
of 1-20 %, the wear resistance of polyethyl-
ene increases in 1.3—2.5 times, and at the mod-
ification by silicon carbide in the amount of 7—
20 % ( treatment time in AGO-3 is 5 min) the
wear-resistance increases in 1.14—1.9 times. The
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DTG, %/min

T
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o

T
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Temperature, °C

100 200
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300
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Fig. 4. DTA of polyethylene samples PEVD: a — initial, b — modified (7 % SiC).
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oxygen permeability decreases in 1.5 times,
vapour permeability — in 1.7 times for poly-
ethylene with the addition of TiO, in the
amount of 5—50 %. Improving barrier proper-
ties of polymers (of gas permeability) is par-
ticularly important in relation to packaging
materials.
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