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Investigation of isophorone diisocyanate oligoisocyanurate effect
on water dispersible polyurethane properties

Oligoisocyanurates (OIC) are the products of various diisocyanates cyclotrimerization reaction, with their func-
tionality being more than three (potential crosslinking agents). They are applicable in chemical polymer indus-
try as an additive to diisocyanates for polyurethane coatings obtaining with various properties, asswell as an
isocyanate-containing component on its own for polyurethane synthesis. The OIC-based polymers possess a
number of unique properties, e.g. improved thermal stability, fire resistance, UV resistance, also they are not
expected to undergo hydrolysis. We studied the effect of isophorone diisocyanate oligoisocyanurate content on
hydrodynamic, thermo-mechanical and thermal properties of resulting water dispersible polyurethanes. Sam-
ples of water dispersible polyurethanes containing isophorone diisocyanate (IPDI), poly (butylene adipate)
(PBA) and 2,2-dimethylolpropionic acid (DMPA) were prepared following acetone method:for this purpose,
with IPDI OIC amount being 10-30 wt.% per pure IPDI. IPDI OIC was partially blocked-with morpholine to
exclude crosslinking in WDPU synthesis. Dynamic mechanical analysis (DMA), differential scanning calorim-
etry (DSC), and dynamic light scattering (DLS) were used to characterize the polymers obtained. It was estab-
lished that oligoisocyanurates improve the characteristics of both water dispersible polyurethanes and their
polymer films. Moreover, oligoisocyanurates prevent polyurethane:coatings crystallization due to its branched
structure, which without a doubt will affect their performance positively.
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pionic acid, poly(butylene adipate), isophorone diisocyanate oligoisocyanurate, dynamic light scattering, dy-
namic mechanical analysis

Introduction

Polyurethane is one of the most demanded.polymers in many industries nowadays. It stands out by a
sufficiently large operating temperature range and high strength characteristics. The application of polyure-
thanes varies from sheets for making surfaces of spindles, rollers, wheels to base for paints, varnishes and
binders for important composites.

Water-based polyurethane dispersions, namely one- (1K) and two-component (2K) waterborne polyure-
thane compositions are reported to be a relatively new eco-friendly type of polyurethane coating compounds.
Their application tends-to'increase’in the painting of wood, plastic, metals and other materials [1-3]. Despite
the high quality, unique durability and environmental benefits of 2K waterborne polyurethanes, they have
significant disadvantages related to the limited viability and relative toxicity of the isocyanate component. 1K
waterborne polyurethane based on prepolymers of physical drying or self-crosslinking film forming agents
appeared to.be much more technologically advanced and safe.

The preparation of a prepolymer is the main stage in the synthesis of 1K water dispersible polyurethanes
(WDPU). Bifunctional isocyanates, e.g. isophorone diisocyanate (IPDI) [4], hexamethylene diisocyanate
(HDI)[5], toluene diisocyanate (TDI) [6] etc., polyols of various molecular weight [7], as well as hydroxyl-
or amino-terminated low molecular weight bifunctional chain extenders [8] are used for that purpose. It is also
necessary to reach the water dispersibility for the resulting prepolymer — to that end, a hydrophilic agent is
introduced into the composition. Salt of 2,2-bis(hydroxymethyl)propionic acid (DMPA) is one of the most
commonly used hydrophilic agents [9, 10].

Oligoisocyanurates (OIC), which are the products of the cyclotrimerization reaction of various diisocya-
nates [11, 12], are possible to use in the synthesis of WDPU. OIC found application in chemical industry as an
additive to diisocyanates in order to obtain polyurethane coatings with refined properties [13], as well as an
isocyanate-containing component on its own in the synthesis of polyurethane and hybrid composites [14, 15],
and aerogels. It was reported [16, 17] that polyurethanes obtained using OIC had high thermal resistance and
fireproof, also resistance to UV and hydrolysis. Furthermore, OIC can be modified with various low molecular
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weight compounds containing groups reactive to isocyanate ones. The above-mentioned fact also allows vary
WDPU properties over a wide range.

After having reviewed the available sources, a limited number of works dedicated to WDPU synthesis
using HDI- [13, 18-20] and IPDI-based [3, 15] OIC were found. Moreover, the effect of the HDI OIC content
on WDPU properties was studied thoroughly in the first articles, while only basic opportunity to obtain WDPU
was shown in the latter ones.

In our opinion, the use of IPDI-based OIC in the WDPU synthesis seems preferable due to IPDI contain-
ing aliphatic and cycloaliphatic isocyanate groups of different reactivity. The reactivity of isocyanate groups
can vary widely [21, 22] depending on the synthesis conditions. This provides the ability to control the pre-
polymer structure and hence the properties of the final product. Furthermore, IPDI-based OIC are completely
soluble even at NCO conversion of ~73 % as noted in the [3]. In contrast, the critical gelation.conversion of
HDI cyclotrimerization reaction products is only 50 %. This experimental fact allows changing WDPU prop-
erties to a larger extent due to the various degree of OIC modification.

There is no doubt that 1K WDPU properties with IPDI-based OIC depend on the isocyanurate content in
the system, the degree of modification and the IPDI NCO groups conversion in OIC.

The objective of this study thereby is to investigate the effect of IPDI-based OIC content in WDPU on
hydrodynamic, thermal and thermo-mechanical properties of resulting products.

Experimental

Materials and instruments

IPDI (98 %) was purchased from Sigma-Aldrich and then purified by vacuum distillation at T = 90 °C
(10 mmHg); Tp = 158-159 °C; d?® = 1,049 g/cm?; np? = 1,4840.

2,2-bis(hydroxymethyl)propionic acid (98 %) (DMPA) was purchased from Sigma-Aldrich, 1,2-dia-
minopropane (99 %) (DAP) and N,N,N-triethylamine (99 %) (TEA) were purchased from Acros Organics.
These chemicals were used without further purification.

Poly(butylene adipate) (PBA) was purchased from Aldrich; the content of hydroxyl groups is 1.7 wt.%
(M;, ~ 2000), determined by chemical method.

Acetone, morpholine (99 %) and 1,4-butanediol (99 %) (BD) were purchased from Sigma-Aldrich. These
chemicals were purified by standard method [23].

Catalysts: 1,4-diazobicyclo[2.2.2]octane (98 %) (DABCO), propylene oxide (98 %) (PO) and dibutyltin
dilaurate (95 %) (DBTDL) were purchased fromAldrich and were used without further purification.

Synthesis of isophorone diisocyanate oligoisocyanurates

Polycyclotrimerization of IPDI was carried out in the mass in presence of DABCO (0.4 wt.%) + PO
(2 wt.%) catalytic system, T = 60 °C. The reaction was controlled by FTIR spectroscopy using ALPHA spec-
trometer (Bruker, Germany)using NaCl cuvettes by a decrease in absorption line intensity (v = 2270 cm™?)
which corresponds to NCO asymmetric stretching vibrations.

IPDI-based OIC with NCQ.conversion of 20 % for the WDPU synthesis was partially blocked with mor-
pholine, 0.31 g of morpholine per 1 g of IPDI OIC. The content of aliphatic and cycloaliphatic NCO groups in
the IPDI OIC determined by the method described in [24] was 33 % and 67 %, respectively.

Synthesis-of waterborne polyurethanes

Synthesis of WDPU-10 containing 10 wt.% of IPDI OIC (per pure IPDI) went as it follows. DMPA (1.20
g) and TEA (0.90 g) were put into a 250 mL flask with ground glass neck. A sample of PBA (14.89 g) and BD
(0:58 g) were added to the flask and were dissolved with constant stirring and T = 55 °C after the obtained
DMPA salt was dissolved in acetone (32 g), pre-drained on molecular sieves. Then, IPDI (10.00 g) and DBTDL
(0.06 g) were added to the flask. The reaction of urethane formation was carried out for 3 hours with constant
stirring and T = 55 °C and was controlled by carrying out the titrimetric analysis [25]. After the reaction being
done, partially blocked IPDI OIC (1.31 g) dissolved in acetone (5 g) was added into the flask. The reaction
was carried out for 30 minutes.

After the first stage, the reaction mass was allowed to cool to the room temperature. Then, a chain exten-
sion was performed, with PDA sample (1.78 g) dissolved in 93 g of distilled water added to the flask with
intense stirring ([NH2]/[NCO] = 1). The excess acetone was removed in vacuum. The solid content in the final
product was 25 %.
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WDPU-20, WDPU-30 and OIC-free WDPU-0 were prepared by the described technique. The precise
formulation of WDPUs obtained is reflected in Table 1. DMPA content in every sample was 4 wt.%, first stage
of synthesis was characterized with the reactive groups ratio [NCO]/[OH] = 2.0.

Table 1

Composition of water dispersible polyurethanes

Sample | DMPA, g | TEA, g |PBA,g|BD,g|IPDI,g| IPDI OIC, g | Blocking agent,g | PDA, g | PBA, wt.%
WDPU-0 1.16 0.87 | 14.89 | 0.58 | 10.00 0 0 1.80 50.8
WDPU-10 1.20 0.90 | 14.89 | 0.58 | 10.00 1.0 0.31 1.78 48.6
WDPU-20 1.25 0.94 | 14.89 | 0.58 | 10.00 2.0 0.62 1.75 46.5
WDPU-30 1.30 0.98 | 14.89 | 0.58 | 10.00 3.0 0.93 1.72 44.6

Researching methods

The viscoelastic properties of WDPU samples were investigated by dynamic mechanical.analysis (DMA)
using a DMA 242 C device (Netzsch-Geridtebau GmbH, Germany): uniaxial tension on{ilm samples, working
length of 10 mm, width of 3 mm, thickness of ~0.2-0.3 mm,.. continugus scanning,
T =-170 + +170 °C, a speed of 2°/min, helium atmosphere. A sinusoidal oscillating force was applied to the
samples, allowing one to develop strain amplitude of up to 30 um at fixed frequency of 1 Hz. The temperatures
of relaxation transitions were determined by the inflection points on the curves of the'safe modulus (E").

Thermal analysis of WDPU samples was carried out usinga METTLER TOLEDO DSC822¢ differential
scanning calorimeter with a heating rate of 20°/min.

The particle size distribution in WDPU dispersions was determined by dynamic light scattering at 25 and
60 °C using a Photocor Compact.

Results and Discussion

As shown in [3], polycyclotrimerization can be presented as follows:

NCO o heo
/ kt OCN/R\NJJ\N/R
o AN, T
\ 07 N” Vo
NCO R\NCO

Trifunctional cycles are formed at the first stage during cyclotrimerization of diisocyanates. They form
n-mers and then‘a crosslinked polymer at subsequent reaction stages. As previously mentioned, the critical
gelation conversion (CGC) in IPDI polycycloaddition is able to reach 73 %. However, using IPDI OIC in
WDPU synthesis with NCO conversion not having yet reached CGC will result in obtaining crosslinked pol-
ymers. highly likely. This deals with the obvious fact that different compounds that contain more than three
functional groups, act as possible crosslinking agents. The part of polyfunctional compounds will obviously
increase with the conversion of isocyanate groups. It is necessary to block partially the NCO groups of OIC to
eliminate possible crosslinked structures formation during the WDPU synthesis. We determined [3] the critical
gelation conversion in reaction between IPDI OIC and bifunctional compounds at different NCO group con-
version values to define the minimum of NCO groups (wnco™°*®) that are to be blocked. So, mnco?° e vs.
NCO group conversion of IPDI OIC graph was obtained based on the data mentioned above (Fig. 1).

The minimum required value of mnco™ % increases with increasing of isocyanate groups conversion of
IPDI OIC as expected.

However, polymer crosslinking and, accordingly, coating hardening after application means an open road
to damp- and heat-proof coatings. Attention therefore should be paid to hydroxyl- and amine-terminated com-
ponents with other functional groups as IPDI OIC blocking agents, e.g. double bonds (allyl alcohol, allylamine
etc.). Self-crosslinking 1K WDPU can be obtained using that kind of IPDI OIC blocking agent. The degree of

Cepus «Xumusi». Ne 1(97)/2020 45



S.V. Karpov, A.S. Dzhalmukhanova et al.

crosslinking for WDPU-based coatings will obviously be determined by functional groups content in the com-
position. Thus, there are two ways to control crosslinking. The first one is selecting highly converted IPDI
OIC, and the second way is varying the IPDI OIC content in WDPU synthesis. We have investigated the
second way in the context of this work.
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Figure 1. onco°e vs. NCO group conversion:in IPDI OIC graph

To determine how IPDI OIC content influences waterborne polyurethanes, we prepared 3 samples con-
taining IPDI OIC by weight (per free IPDI): 10 % (WDPU-10), 20 % (WDPU-20) and 30 % (WDPU-30)
(Table 1). OIC-free WDPU-0 obtained under similar conditions was used as a reference sample.

The size of dispersed particles and their distribution-in dispersion medium is one of the main character-
istics of any colloidal solution. Dynamic light'scattering of all obtained dispersions was carried out to establish
the IPDI OIC content impact in WDPU_.on their_hydrodynamic characteristics. Table 2 and Figure 2 show
results of the analysis.
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Figure 2. Particles size distribution

The trend that is observed for WDPU-0 and WDPU-10 samples (Table 2) is worth mentioning, where a
decrease in average hydrodynamic radius (RxN) and the diminishing of particle size distribution (Fig. 2) with
the increase in temperature can be seen. This observed pattern is apparently the result of aggregates destruction.
It should be noted that distribution narrowing occurs due to the destruction of the aggregates of dispersion
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particles larger than 100 nm. In contrast, the distribution broadens with increasing temperature for WDPU-20
and WDPU-30 samples. This may indicate their lower resistance to the temperature increase.

Hydrodynamic characteristics of WDPU

Sample Ru'l, nm
T=25°C T=60°C
78.7 38.9
WDPU-0 (16,0; 201.2)" (9.6; 78.5)"
WDPU-10 40.8 20.0
WDPU-20 20.4 49.1
WDPU-30 36.0 50.5

Table 2

Note. * — RiN was determined for every peak.

It can be seen from the Table 2 that IPDI OIC-containing WDPU are characterized by a lower value of
RN and by a narrower particle size distribution in comparison to WDPU-0 at room temperature. Thus we can
conclude that IPDI OIC introduction (from 10 wt.% to 30 wt.% per pure IPDI) in to WDPU positively affects
on their hydrodynamic characteristics.

The analysis of IPDI OIC content influence on WDPU thermo-mechanical properties using the DMA
method was the next step.

Table 3 shows the transition temperatures measured by inflection points en dynamic elastic modulus (E’)
vs. temperature graph and by maxima on dynamic loss modulus (E") vs. temperature graph. There are also
elastic modulus values for sample temperature 30 °C higher than glass transition temperature.

Table 3
Thermo-mechanical and thermal properties of WDPU
DMA DSC
Sample E'rg+30°c, Ty, °C T, °C T3, °C T4, °C 0
MPa | (byE") | (byE) S (oyE) | oyE) | 0 Tn | Afim ko
WDPU-0 1194 -148 -56 37 115 -52 119 -22.6
WDPU-10 1250 -148 -55 37 112 -53 116 -11.1
WDPU-20 1297 -148 =53 37 102 54 107 -13.1
WDPU-30 1360 -149 =53 37 99 -52 106 -9.61

It is well known from thekinetic theory of elasticity [26] that the molar mass of interstitial polymer chains
is inversely proportional to the dynamic elastic modulus for sample temperature 30 °C higher than glass tran-
sition temperature (E'rg#30°c). Therefore, we can suggest relying on the modulus variation data (Table 3), that
the molecular weight of polyurethane interstitial chains decreases when the IPDI OIC percentage in WDPU
composition increases, with-the assumption of constant density of WDPU-0 — WDPU-30 polymer samples.
This is most likely due to the fact that, following its high branching and polarity, IPDI OIC enhances the
polyurethane mesh formation possibility mainly by reason of hydrogen bonds.

All four samples revealed qualitatively equal results for temperature transitions. The first transition (T)
isimost likely a B-transition. The second peak on the loss modulus (E") vs. temperature graph resulted by the
‘thawing’ of polyester block segmental mobility. Thereby T is the glass transition temperature (T,). It can be
seen from the Table 3 that T, for studied polyurethanes there hardly depends on the IPDI OIC content. Tem-
perature transitions Tz and T4 are most likely associated with initial melting of WDPU samples crystalline
phase (first), as well as with their transition to a viscous flow state (second).

The nature of observed temperature transitions was confirmed by DSC analysis (Fig. 3, Table 3).

Degree of crystallinity is an important characteristic of polymer films. It can be estimated indirectly by
melting enthalpy (AHm) magnitude due to close chemical nature of prepared WDPU. So, Table 3 indicates
more than double decrease in AHpy value with an increasing in IPDI OIC content in WDPU. The obtained
experimental fact can be apparently explained by the branched structure of OIC, limiting the polyester block
‘packing’. It should be expected that a further increase in IPDI OIC content in WDPU can lead to a completely
amorphous polymer yielding.
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Figure 3. DSC thermograms

Conclusions

We have investigated the effect of isophorone diisocyanate oligoisocyanurate content in water-dispersible
polyurethane compositions on their hydrodynamic, thermo-mechanical, and thermal properties in this work.
According to the obtained results it was found that the OIC introduction improves properties of both agueous
polyurethane dispersions and their polymer films. This is indicated, in particular, by decreasing of dispersed
particle average size. Furthermore, isophorone diisocyanate oligoisocyanurates block the crystallization of
coatings they involved in due to its branching. It will undoubtedly positively affect the performance of these
coatings when used at reduced temperatures. Along.with this, oligoisocyanurate introduction to water dispersi-
ble polyurethane compositions has no significant effect on decreasing of glass transition temperatures. It should
provide high performance characteristics at low operating temperatures.
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HN3o¢popoHanu3onuaHaT OJIUTON30UMAHYPATTAPBIHBIH CYyAMCIEPCUATBIK
NOJIMypeTaHAapAbIH KacueTTepiHe dcepiH 3epTrey

Omurounsormanyparrap (OML) — Typii auu3onuaHaTTapasl MUKIOTPIMEPU3aNIsIIAy PeaKIUsICH], (QyHKINO-
HaJJIBUTBIFEI YIITEH Kol (oJieyeTTi OailmaHbICTRIpymIsl arenTTep). Onap XUMUSIIBIK HONMMMEPITiK @ HEPKACinTe
TYpJii KacueTTepi Oap mojMypeTaHabl KaObIHAAPIB! ANy YIIiH AWM30IMaHATTapFa KOCHa peTiH/e, COHaaii-ak
TiKenel mojMypeTaHap CUHTE3iHe apHaJIFaH M30LMaHaThl 0ap KOMIIOHEHT peTiHae KojgaHnsic tanthl. OUL]
HETI31H/Ie CHHTE3/Ie/ITeH MoJuMepiiep Oipkarap Oiperei KacueTTepre ue, aTan aiTKaH/Ia, )KOFapbl TEPMO-0TKa,
coHpaii-ak, YK-coynenenyre xaHe runponausre To3iMai. Makanana anblHFaH OHIMISP/iH THAPOIUHAMUKAIIBIK,

Cepus «Xumusi». Ne 1(97)/2020 49



S.V. Karpov, A.S. Dzhalmukhanova et al.

TEPMOMEXaHUKAJIBIK )KOHE JKbULY (DPM3MKAIBIK KACHETTEPIHE CYMCIICPCUSIIBIK MONNYPETaHAAp KYPaMbIH/IaFbl
nzopoponauusouanat (MOAN OUL) onuronsonuanypart KYpaMbIHIH ocepi 3epTrenreH. OChl MakcarTa aile-
TOHJBIK dicrieH uzodoporaumnzonuanar (UD/AN), nonmubytunenagunusat (IIBA) sxone epkin UD/IU canbic-
teipMaisl Typae 10-30 % canmax OULL UDIU, mombytunenagunuHar (I1BA) xone 2,2-0uc(rugpoxcume-
THI)IIPONTHOH KeIMIKBUTE! (JIMITA) Heri3iHAeri CyAncIepCHsUIBIK Oy peTaHIapAblH YIATIepi CHHTE3IeI .
NCO-udmu OULL tobsmb BJITY cunTe3i Ke3iHae TIriireH KypbUIBIMIAPIBIH Maiifa GolybH OoinxsipMay
YIIiH MOp(OIMHMEH KOpIIanFaH. AJBIHFAH AUCTICPCHSIIAp MEH OJap/bIH Heri3iHjeri kaOslHIap JUHAMHUKa-
JIBIK MEXaHUKAIBIK Tanaay (JAMA), audpepennnanas ckanepiey xanopumerpus (ICK) sxoHe xapbIKThIH AU-
HaMHUKanbIK mameipaysl (JAPC) onictepin maiinanaHa oTeIpHII cUNaTTanFad. ONUron30anyparTap nojamype-
TaH/ap/IbIH Cy AUCHEPCHSIAPBIHBIH, COHali-aK OJapAbIH HEri3iH/eri OJMMEepIIiK IUICHKAIAp/bIH CHIIaTTaMa-
JIApBIH KaKCcapTaThIHBI aHBIKTAJIbl. COHBIMEH KaTap, OJIMTOU30IMaHypaTTap OJapAblH HEeTi31HAer1 xKaObIHaap-
IIBIH KpUCTaJIaHybIHA KeJepri KenTipeai, Oy1 olapAblH MaigainaHy cumaTTaManapblHa OH acep eTei.

Kinm coe30ep: nonmypeTtas, MoNUypeTaHIapAbIH Cy AUCTICPCHSCH, H30()OPOHIMH30NUAHAT, 2,2 -0uc(THIPOKCH-
METHJI)IIPOTTHOH KBIIIKBUIBI, TOJNOYTHIEHaJUIIHAT, OJIMTON30LHaHypaT H30(OPOHANN30IaHATa, ANHAMH-
KaJIBIK JKapbIK MIaNIbIpaybl, TMHAMHUKAIBIK MEXaHUKAIBIK TaJIIay.

C.B. Kapnos, A.C. JIxanmyxanoBa, /[.A. Uepnsies, B.I1. JIogsiruna,
B.B. Komparoga, I'.B. Mankos, 2.P. bagammuna

HccaenoBanue BJIAMSHUS OJIUTOU30IMAHYPATOB H30(OPOHIUM30HHAHATA
HA CBOICTBA BOJOAUCIEPCHOHHBIX MOJIUYPETAHOB

Ommrounsornuanypatel (OUL]) — npoAayKThl peaknuy IUKIOTPUMEPH3AIMU Pa3iIWYHBIX JAUU30IMAaHATOB
¢ QYHKIIMOHAIBHOCTBIO OONBIIE TpeX (MOTEHIHNAIBHBIE CINUBAIOLIME areHThl). OHM HAIIUTH TPUMEHEHHUE B XU-
MHYECKON TOIMMEPHOI MPOMBIIIIEHHOCTH B KaUuecTBE J00ABKU K AUU30MHUAHATAM AT MOTyYCHUsS OTHype-
TAHOBBIX MOKPBHITHH C Pa3IMIHBIMH CBOHCTBAMH, a TAKXKE HEIOCPSICTBEHHO B Ka4eCTBE M30IMaHATCOAeprKa-
MIero KOMIOHEHTa Ul CHHTe3a nonuypeTraHoB. [lomuMepsl, cuaTe3npoBanHbie Ha ocHoBe OMLI, obmamator
PSIOM YHHKQIBHBIX CBOWCTB, @ IMEHHO: MOBBIIICHHON TEPMO-, OTHECTOMKOCTBIO, a TAKKEe YCTOWIHBOCTHIO K
Y ®-nu3myueHunro U ruaposu3y. B craThe nccinenoBaHo BIMSHAE CO/lepKaHKE OJMTOM30IMaHypaToB H30(opoH-
mumsonanara (OUL UDJIN) B cocTtaBe BOIOAUCTICPCHOHHBIX TIOIMYPETAHOB HA THIPOIUHAMUYCCKHE, TEP-
MOMEXaHMYECKHe U TeIUI0(pHU3NIECKIe CBOHCTBA MOTyYaeMbIX POoaykToB. C 3TOif 1eIbI0 alleTOHOBBIM METO-
JIOM OBIITM CHHTE3HPOBAHBI 00Pa3I[bl BOZOIUCIEPCHOHHBIX TIOJIMYPETaHOB Ha OCHOBE N30()OpOHINHM30aHATa
Mo aN), nomubytunenagununata (IIBA) u 2,2-6uc(rHApOKCHMETHN)IPOnHoHoBol kucnotsl (JIMITA), co-
nepxamme 10-30 % BecoBbix OUL] UDAN otHOCHTENRHO eBoOomHOTO UD/IN. [l nckmodeHus oopa3opa-
HUS cAThIX cTpykTyp npu cunTese BAITY NCO-rpynmsr OUL UDJU yactinaHo GimokupoBanu Mophoin-
HoM. [lomydeHHbIe qUCTIEpCHH M TOKPBITHS Ha X OCHOBE OBUTH OXapaKTePH30BaHBI C HCIOIB30BAHUEM METO-
JIOB TMHAMHYECKOro MexaHudeckoro aHamusa ([JMA), muddepeHnuanbHoil ckaHUPYIOEeH KaJopuMeTpun
(ACK) u nuramunyaeckoro paccestaust ceeta (JIPC). YcraHOBIEHO, YTO OJMTON30LMAHYPAThI YITy4IIAIOT Xapak-
TEPUCTHKU KaK BOJHBIX JUCIEPCHH ITOIMYpPETaHOB, TaK U MOJMMEPHBIX IJICHOK Ha MX ocHoBe. Kpome Toro,
BBUJIy CBOEH Pa3BETBICHHOCTH, OJIMIOM30IMAHYPATHI MPEMATCTBYIOT KPUCTAUIN3ANY MOKPHITHH Ha MX OC-
HOBE, 9YTO, HECOMHEHHO, TIOJIOXKUTENFHO CKKETCs Ha UX SKCIUTyaTallMOHHBIX XapaKTePUCTHKAX.

Kniouesvie cnosa: moOnMypeTad, BOAHAS JUCIEPCHA TTOJMYPETaHOB, H30(hOpOHANN30NNAHAT, 2,2-0uC(THAPOK-
CHMETHII)IIPOITHOHOBAS KMCIIOTA, TTOIMOY THICHAAUITUHAT, OJIMTOM301HaHypaT H30()OPOHINN30IMAHATA, AUHA-
MHYECKOE CBETOpACCesHUE, TMHAMUYCCKUH MEXaHHYECKHUil aHaH3.
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