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Abstract
amine cured epoxy polymer was studied
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Introduction into polymers of nanodispersed
fillers is a simple and efficient method of controlling
the mechanical and thermal properties of composite
materials Zirconium dioxide nanopowders are
promising fillers for composite materials based on
epoxy oligomers [lI] In epoxy polymers (EPs)
containing such a filler the mechanical properties
vary with the ZrO, content in an unusual fashion
depending on both the degree of dispersion of the
ZrO, powder and its ability to form aggregates
and agglomerates with different modes of particle
binding [2]

At the same time it is known that finely dispersed
transition metal oxides are catalysts of various
processes that can occur at elevated temperatures in
polymeric and composite materials and can affect
their heat resistance [3 4] In particular transition
metal oxides are catalysts of decomposition of hy
droperoxides [5 7] which are initial stable products
of high temperature oxidation with oxygen of organ
ic compounds including polymers Catalytic decom
position of hydroperoxides with a high yield of
active radicals accelerates the thermal oxidative de
gradation of polymers At a low yield of active
radicals the contribution of degenerate branching of
oxidation kinetic chains in thermal oxidative de
gradation the steady state concentration of hy
droperoxy groups the oxidation autoacceleration
factor and the maximal oxidation rate decrease
[8 10] All the above factors substantially enhance
the heat resistance of epoxy and other polymeric
materials

The mechanism of catalytic decomposition of hy
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The influence of zirconium dioxide nanopowders on the thermal oxidative degradation of an

droperoxides in the presence of transition metal
compounds is not fully understood In this study we
examined how the phase composition of zirconium
dioxide powder degree of its dispersion and ability
to form aggregates and agglomerates affect the
thermal oxidative degradation of amine cured EPs

EXPERIMENTAL

Epoxy polymers and composites filled with ZrO,
nanopowder were prepared from a mixture of di
glycidyl ether of diphenylolpropane (DGDPP) and
diglycidyl camphorate (DGC) and were cured with
a stoichiometric amount of cyanoecthylated diethyl
enctriamine UP 0633M The curing of the com
pounds was performed at room temperature for 20 h
with the subsequent heat treatment at 60°C for 2 h
Film samples 200+5 pm thick were prepared on
glass plates with a polysiloxane release coating
DGDPP samples were prepared by molecular dis
tillation of ED 22 epoxy oligomer at a residual
pressure of no more than 10 Pa The melting point
of crystalline DGDPP was 36 3°C; epoxy number
251 DGC [TU (Technical Specification) 88 Ukr
SSR 21533 83; epoxy number 26 0 n%)o = 14832
MNys = 030+005 Pas) and UP 0633M (TU 6 05
1863 78; d3¥ = 1100 x10° gm 3 n3) = 14822
Nys = 0 18 Pas) were used without additional puri
fication

Nanopowders of zirconium dioxide were prepared
by physical impacts (UHF pulsed magnetic field
ultrasound) after precipitation of zirconium oxy
nitrate (to obtain the monoclinic phase) and a mix
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ture of zirconium oxynitrate and yttrium nitrate in
a 097:003 molar ratio counting on ZrO, and
Y,O5 (to obtain the tetragonal phase) with the sub
sequent filtration and drying1 Calcination of the
powders provided conversion (with crystallization)
of the hydroxide into oxide and growth of particles
to required size controlled by the heat treatment
temperature

The calcination temperature 7, and particle size
Dcgr found from the X ray diffraction patterns
(mean size of coherent scattering regions CSR)
considering nanoparticles as single crystals are listed
in Table 1 together with the BET specific surface
area Sppy found from the nitrogen adsorption and
the specific surface area Spqr calculated assuming
the powder to be a set of spherical particles of the
size equal to CSR size The fractional composition
and morphology of ZrO, powder were studied by
transmission electron microscopy Preliminarily the
powders were treated by a special procedure [11]
with ultrasonic sputtering over a carbon support
The Dprgr value was calculated by the Selyakov
Scherrer formula from the halfwidth B s of (111)
diffraction peaks

The kinetics of oxygen uptake was studied at
a pressure of 0 1 MPa and a temperature of 200°C
on a laboratory gas volumetric device with an opto
clectronic sensor whose sensitivity with respect
to the rate of oxygen uptake by the polymers was
10 ¢ mol kg 's 1" The rate of oxygen uptake was
reduced to 1 kg of the organic component of the
composite The thermal gravimetric analysis (TGA)
was performed on a Q 1500 derivatograph at a heat
ing rate of 10 deg min ! and free access of at
mospheric oxygen A 200 mg sample of a polymer
film cut into 2 x 2 mm pieces was introduced into
ceramic crucibles Calcined aluminum oxide was the
reference

The study of the influence of the ZrO, concentra
tion on the high temperature autooxidation of EP
showed that the oxidation of unfilled EP started
after a relatively short (16 18 min) induction period
(Fig 1) Usually autooxidation of EP obtained by
cationic polymerization proceeds without induction
period [8 10] Its appearance for amine cured EP
may be due to the inhibiting effect of unchanged
amino groups of the curing agent As known [12]
at the stoichiometric ratio of the components of

! Nanopowders were prepared using the technology de
veloped at the Donetsk Physicotechnical Institute National
Academy of Sciences of Ukraine
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Table 1 Characteristics of ZrO, powders

Scsr SBET
Powder | 7+ oc | Lattice type Desr | -
no p nm 2 1
m-g
1 500 | Monoclinic 16 65 65
2 700 | Monoclinic 21 52 37
3 1000 | Monoclinic 48 22 86
4 800 |Tetragonal 22 44 30

epoxy amine systems the polyaddition does not go
to completion and unchanged epoxy and amino
groups inevitably remain in the polymer phase In
turn amines are acceptors of peroxy radicals and
exhibit antioxidative effect in motor fuel and poly
mers [13] The thermal oxidative stability of hydro
carbons is substantially enhanced in the presence of
not only aromatic but also aliphatic amines Among
the latter secondary amines including those ob
tained by polyaddition of epoxy compounds [14] are
the most effective antioxidants

After the induction period the dependence of
the oxygen uptake on time is typical of noninitiated
oxidation of polymers with a short period of auto
acceleration and a fairly long period when the oxi
dation proceeds at a practically constant rate
(maximal oxidation rate or rate of developed oxida
tion) This is followed by a relative decrease in
the oxidation rate associated with decreasing “con
centration” of polymeric chain fragments that are

¢o, mol kg !
2F 1
2
3
0.6}
20 40 60

T min
Fig 1 Oxygen uptake ¢ as a function of time 1 for

(/) EP and composites containing (2) 2 and (3) 10 wt %
ZrO, nanopowder no 2
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Fig 2 Diagrams of the rate of developed oxidation W
of EP and composites filled with ZrO, nanopowder
nos 1 4 at various filler concentrations ¢
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Fig 3 Temperature dependences of the (/ 2) weight loss
m and (3 4) its temperature derivative for (/ 3) EP and
(2 4) composite filled with ZrO, nanopowder no 4

the most susceptible to oxidation The rate of the
developed oxidation for unfilled EP reaches 4 9 x
10 4 mol kg Is 1

Introduction into the polymeric matrix of ZrO,
powder nos 1 4 (2 wt %) does not noticeably affect
the duration of the induction period (Fig 1) and
slightly decreases the rate of developed oxidation
(Fig 2) This rate decreases in the order 1 > 2 > 3 >
4 for the composites filled with powder nos 1 4
respectively The decrease in the maximal rate of
polymer oxidation without a change in the induction
period is observed as a rule in the case of suppres
sion of degenerate branching of oxidation kinetic

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol 81

MIKHAL CHUK et al

chains because of decomposition of hydroperoxides
(primary stable oxidation products) by metal com
pounds including oxides [8 10]

In the presence of 2 wt % ZrO, in the polymeric
matrix the decrease in the oxidation rate is insig
nificant However at the filler content increased to
10 wt % the rate of the polymer oxidation decreases
by a factor of 13 36 The highest antioxidative
activity is observed with filler nos 3 and 4 (Fig 2)
Powder nos 3 and 4 also decrease the maximal rate
of EP oxidation but their antioxidative power is
substantially weaker With an increase in the ZrO,
content to 20 wt % the stabilizing effect of the filler
against thermal oxidative degradation tends to de
crease but the ratio of the rates of polymer oxida
tion with additives of various nanopowders remains
similar: The rate of the developed oxidation for the
composites filled with powder nos 3 and 4 is lower
than that for the composites filled with powder
nos 1 and 2

The thermal gravimetric (TG) study of thermal
and thermal oxidative degradation of the composite
showed that introduction into the amine cured
polymer of 10 wt % ZrO, weakly affects the varia
tion of its weight on heating Typical TG and differ
ential thermogravimetric (DTG) curves of the filled
and unfilled EPs are shown in Fig 3 The TG and
DTG curves for the unfilled sample are typical of
amine cured EPs Within the range 170 200°C the
weight loss is small and is associated with evapora
tion of low molecular weight impurities Further
heating leads to the main stage of the thermal and
thermal oxidative degradation with a maximum of
the weight loss rate at 300°C

Zirconium dioxide does not noticeably affect the
evaporation of low molecular weight impurities and
at the same time the position of maximum 7 in the
DTG curves remains unchanged (Table 2) The
maximum corresponding to the main stage of the
degradation splits in two components: /I and I/
(Fig 3) The similar effect was observed in [15] for
a system consisting of epoxy novolac block copoly
mer and amorphous boron This splitting is due to
the effect of the filler surface on the structure of the
boundary layers of the polymeric matrix On intro
duction of ZrO, into the polymer in most cases
the temperatures of 5% and 10% weight loss (7’
T,y temperatures of the onset of the main degrada
tion stage T, and temperatures of DTG maxima
T, vary within the limits of the measurement ac
curacy (Table 2) Only for the composite containing
71O, powder no 4 (it exhibits the most pronounced

No 5 2008
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Table 2 Thermal characteristics™ of degradation of epoxy compounds containing 10 wt % ZrO,

Ts Ty I'y

Powderno L L
Without filler 175 230 270
1 170 235 275
2 170 215 270
3 170 230 270
4 175 235 270

I Ty Ty Tsy
°C

185 300 340
185 305 340
190 290 310 340
185 290 305 350
190 295 305 350

* Ts T,y and Tj, are temperatures of 5 10 and 50% weight loss respectively; 7; 77; and Tp;; temperatures of maxima in

the DTG curve

antioxidant properties) the temperatures character
izing thermal and thermal oxidative degradation
slightly increase

The difference in the effects exerted by ZrO,
on the rate of oxidation of the amine cured polymer
and on its weight loss during a thermal gravimetric
experiment can be attributed to the fact that the oxi
dation processes in thickly cross linked EPs are ac
companied by formation of additional cross links
hindering evaporation of the decomposition prod
ucts [16] Therefore the data of derivatography and
gas volumetry do not always quantitatively correlate
with each other In addition gas volumetric data
characterize the stability of polymers with respect to
thermal oxidative degradation in the initial stages of
the process at relatively low temperatures whereas
derivatography gives the corresponding information
for high temperatures when pyrolytic degradation
of the polymer makes a substantial contribution to
the total degradation process

It follows from the above data that the antioxida
tive performance of zirconium dioxide on the whole
increases with the temperature of the ZrO, thermal
treatment The temperature of calcination of ZrO,
powders substantially affects the degree of their dis
persion and the ability to form aggregates We
found that with increasing T, from 500 to 1000°C
the mean size of the powder particles of the mono
clinic modification increases from 165 to 48 2 nm
and their specific surface arca decreases by a factor
of 7 (Table 1) In the process the particles of
powder no 1 form planar aggregates of the size
exveeding 2000 nm (Fig 4a) The fact that interpar
ticle gaps are observed suggests that these nano
particles are weakly bound with each other Powder
no 2 prepared at 700°C is also characterized by
relatively low degree of binding and aggregation of
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particles (Fig 4b) At 1000°C powder no 3 is
formed which is characterized by high degree of
aggregation and forms agglomerates including
strongly bound particles (Fig 4c) Such bonding is
provided by diffusion processes of agglomeration
type and gives polycrystalline aggregates Powder
no 4 doped with 3 mol % Y,O5 has a tetragonal
lattice and is characterized by small degree of par
ticle aggregation (Fig 4d)

The observed trends in variation of antioxidative
properties of the composites caused by the influence
of ZrO, nanopowders are hardly associated with
differences in the specific surface area of the filler
and the more so with the degree of their aggrega
tion Variation of the surface properties of the filler
is apparently a more significant factor

It is known that metal oxide nanopowders are
characterized by the high degree of defectiveness of
the surface mainly associated with the oxygen
nonstoichiometry The defects give rise to excess
charge and enhance the interaction with the poly
meric matrix which leads to hydroperoxide decom
position due to acceleration of the catalytic reac
tions The differences in the degree of defectiveness
of nanopowders are determined by conditions of
their preparation in particular by 7T, This factor
may be responsible for quantitatively different
effects of powder nos 1 3 although they all have
a monoclinic lattice

In the case of nanopowder no 4 doped with
Y,05 (it has a tetragonal lattice) there is one
more factor When ZrO, powder is doped with
Y,0; replacement of one Zr(IV) atom by one
Y(III) atom is accompanied by formation of two
oxygen vacancies As a result the surface which is
neutral in monoclinic particles becomes positively

No 5 2008
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Fig 4 Electron micrographs of ZrO, nanopowder nos (a) 1

charged This factor can favor catalysis of the
hydroperoxide decomposition with a low yield
of active radicals suppression of the degencrate
branching of oxidation kinetic chains and de
crease in the rate of thermal oxidative degradation

Gas volumetric study confirms this assumption
As seen from Fig 2 composites containing 2 and
10 wt% powder no 4 are characterized by the
lowest oxidation rate For such nanocomposites the
temperatures of the maxima in the DTG curves and
the temperature of completion of thermal oxidative
degradation are the highest

CONCLUSIONS

(1) ZrO, nanopowders exhibit high antioxidative
activity in amine cured epoxy polymers which is
caused by the high defectiveness of the nanoparticle
surface

(2) The value of the antioxidant effect depends
on conditions of nanopowder preparation (Tp
doping) and filler concentration
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(b) 2 (¢) 3 and (d) 4

REFERENCES

Konstantinova TE Danilenko TA Tokii VV
and Glazunova V A Nauka Innov 2005 vol 1
no 3 pp 76 87

Beloshenko VA Konstantinova TE  Borzen
ko AP and Glazunova VA Zh Prikli Khim
2005 vol 78 no 9 pp 1533 1536

Gladyshev GP Dokl Akad Nauk SSSR 1974
vol 216 no 3 pp 3585 587
Gomez de Barros G Pontes RN M and Wal

mick VV J Appl Polym Sci 1992 vol 44 no 8§

pp 1371 1376

Norikov Yu D Blyumberg EA Irmatov M D
and Bochorishvili Sh K Dokl Akad Nauk SSSR
1975 vol 223 no 5 pp 1187 1190

Matienko L1 Skibida IP and Maizus ZK
Izv Akad Nauk SSSR Ser Khim 1975 no 6
pp 1322 1327

Labodi I Korablev LI Tavadyan L A and
Blyumberg E A Kinet Katal 1982 vol 23 no 2
pp 371 375

Mikhalchuk VM Kryuk TV and Nikolaev

No 5 2008



10

11

12

INFLUENCE OF ZIRCONIUM DIOXIDE NANOPOWDERS

skii AN Zh Prikl Khim 1996 vol 69 no 6
pp 1008 1013

Kryuk TV Mikhal chuk VM Volnyan
skaya R 1T and Nikolaevskii AN Vopr Khim
Khim Tekhnol 2002 no 3 pp 73 76

Kryuk TV Mikhal chuk VM Volnyan

skaya R 1 and Nikolaevskii AN Ukr Khim Zh
2002 vol 68 no 5 pp 58 62

Doroshkevich A S Danilenko T A Konstantino
va TE et al Elektron Mikrosk Prochn Mater
2006 no 13 pp 151 159

Irzhak VI  Rozenberg BA and Enikolo
pyan NS  Setchatye polimery: Sintez struktura

RUSSIAN JOURNAL OF APPLIED CHEMISTRY Vol 81

13

14

15

16

825
svoistva (Network Polymers: Synthesis Structure
and Properties) Moscow: Nauka 1979

Denisov E T Okislenie i destruktsiya karbotsepnykh
polimerov (Oxidation and Degradation of Carbon
Chain Polymers) Leningrad: Khimiya 1990
Kuliev A M Khimiya i tekhnologiya prisadok k mas
lam i toplivam (Chemistry and Technology of Oil and
Fuel Additives) Leningrad: Khimiya 1985
Kryzhanovskii VK Panimatchenko A D Abra
mova N K and Nikitina 1V Plast Massy 2005
no 4 pp 17 19

Kryuk TV Mikhal chuk VM Nikolaevskii A N
et al Plast Massy 2001 no 3 pp 12 14

No 5 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


