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This work presents the results of studies of the microstructure and properties of lubricant samples based
on synthesized complex lithium soaps of hydroxylated fatty acids from of waste food oil as a lubricant thickener.
The results of scanning electron microscopy confirmed the differences in the peculiarities of the formation of the
structural framework of lubricants depending on their composition, thickener concentration, complexing agents,
and heat treatment temperature. It was determined that it is the lubricant thickener that binds the dispersion
medium through intermolecular interaction, forms a three-dimensional interwoven microstructure, and gives the
lubricant improved rheological and volumetric-mechanical properties. Complex lithium soap is more structured
than simple lithium soap, although both are formed by a connected three-dimensional mesh microstructure. It has
been shown that the rheological and operational properties of lubricant can be improved by using various
complexing agents. The lithium complex lubricant samples are characterized by the maximum thickening effect
and have lower effective viscosity values at minus 30 °C. With an increase in the concentration of the thickener,
the effective viscosity of lithium complex lubricants increased, but the indicators of mechanical stability and drop
point remained almost unchanged. It was found that the optimum heat treatment temperature for complex lithium
lubricant is 220 °C. If the heat treatment temperature of the lubricant was exceeded, for example, at 240 °C, the
microstructure of the complex lithium soap was destroyed, which led to a deterioration in viscosity and colloidal
stability. The established rheological, volume-mechanical, and temperature regularities of the structure formation
of the dispersed phase of lubricants can be used to select rational modes of obtaining complex lithium lubricant
compositions intended for use in friction units of modern machines and mechanisms.
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Introduction

Modern advanced technology places stringent requirements on lubricant developers. Lubricants
have to withstand friction units' overheating, stay on surfaces at high speeds, not leak out of bearings,
not cause metal corrosion, and protect them from the harmful effects of various factors. Lubricants with
a wide range of operating temperatures and those that work in the presence of moisture are increasingly
in demand. Lithium lubricants (simple and complex) fully meet these requirements.

Lithium lubricants consist of a base oil (mineral or synthetic) and a lithium soap thickener, which
is obtained by direct saponification (in situ) of usually stearic/monohydroxystearic acid, as well as
various natural fats and synthetic fat substitutes [1]. Lithium lubricants are classified as multipurpose
lubricants. They are water-resistant, characterized by good mechanical and thermal stability, a wide
range of application temperatures, suitable for lubricating most friction units of industrial equipment and
vehicles, and provide long-term protection against oxidation, corrosion, extreme temperatures, and wear.

Lithium complex lubricant (cLi) is an improved version of lithium lubricant, which includes a
thickener based on lithium complex. Complex lithium soap (cLi-soap) is a product of cocrystallization
of Li-soap of high molecular weight fatty acids and Li-salts of low molecular weight organic and
inorganic acids [1]. Lubricants based on cLi-soaps are characterized by improved antioxidant,
mechanical and thermal stability, and anti-wear characteristics compared to simple lithium lubricants.
Their dropping point exceeds 230 °C. Complex Li-lubricants are durable, and stable and are most often
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used to fill friction units for the entire period of their operation. They are ideal for high-temperature,
low-temperature, and highly loaded industrial applications such as bearings, gears, and heavy
machinery.

The authors of [1, 2] showed that the main component of cLi-soaps is monohydroxycarboxylic
acids with a different arrangement of the hydroxyl group in the hydrocarbon radical of the acid about the
carboxylic group — 12-HoSt, obtained as a result of hydrogenation of castor oil; 6-HoSt, synthesized by
free radical addition of cyclohexane to a-oleic acid; 9(10)-HoSt, obtained by hydroxylation of oleic acid,;
6-HoSt, synthesized by the free radical addition of cyclohexane to a-olefins followed by oxidation of
2-alkylcyclohexanol, accompanied by ring breakage. The complexing agent was dicarboxylic acids
(H2Dc): azelaic acid (H2Az), adipic acid (H2Ad), sebacic acid (H2Se), or hydroxybenzoic acid in
combination with boric acid in cLi-soap. Mineral and synthetic base oils, which differ in viscosity,
aniline point, and other physical and chemical characteristics, were used as dispersion media. Also in
these works, the optimal values of the molar ratio of cLi-soaps and dicarboxylic acids are given. It is
noted that an increase in the proportion of H2Dc reduces the thickening ability of cLi-soap, decreases
the drop point, and worsens the rheological characteristics of cLi-lubricants and their microstructure.

Lithium complex lubricant is the most common lubricating grease in the high-end lubricant
market. Lithium complex soap holds base oil by intermolecular interaction and shows the entangled
fiber structure, where its composition and structure influences the rheological properties [3]. Yeong et al.
[4] found the yield stress and viscosity of lithium lubricant increase as the increase of thickener
concentration, as well as storage modulus, attributing to the high volume fraction of thickener
concentration results in a stronger gel network. Delgado et al. [5, 6] found that the soap fiber shows
higher physical entanglement with the increase of soap concentration, and the relative elastic
characteristics increases with the decrease of base oil viscosity due to the lower viscosity of base oil
increase the affinity for the soap.

Investigations at the Competence Center of Tribology Mannheim show that the lubricant service
life for roller bearing lubrication, even at high temperatures, does not only depend on classic oil aging.
In numerous roller bearing tests and by means of rheological measurements, it could be shown that the
loss of the lubricating effect is a consequence of the change in the thickener structure. The fiber structure
and the inner network are of the greatest importance for the lubricating properties of soap greases [7].
Adhvaryu et al. investigated the change in the fiber structure of lubricating greases as a function of
antioxidants. Unsaturation and fatty acid chain length of soap molecule dictate the fiber shape and
distribution, which can be translated to hardness, thermo-oxidative stability, shear stability, water
tolerance, and other important properties of grease [8]. They define the breakdown of the structure as
damage to the lubricating properties. Couronne and Vergne found that the fiber length is shortened by
thermal aging [9]. Gongalves et al. found also that the thickener matrix changes with thermal aging [10].
Shen et al. investigated the thickener structure of a lithium—calcium thickened grease and also showed
that the network structure is gradually destroyed with a longer thermal aging time and that the stability
of the grease structure decreases significantly [11].

Hodapp et al. [12] noted that the type and viscosity of the base oil does not affect the absolute
value of the complex viscosity and the shape of the filaments formed by this thickener. The complex
viscosity of the lubricants only depended on the thickener concentration. High-frequency shear modulus
data, however, indicated that the thickener lithium 12-hydroxystearate formed stiffer networks/filaments
in poly-a-olefins than in mineral oils. As expected, the viscosity increased with increased thickener
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concentrations, but microscopy and high-frequency rheometry revealed that the thickness, length, and
stiffness of the individual filaments did not change. In mineral oil, the 12-hydroxystearate thickeners
yielded higher viscosity than the corresponding stearates with the same metal ion. The filamentous
lithium thickeners created stronger networks than the roundish aggregates formed by magnesium and
zinc stearate.

Saatchi et al. [13] investigated the mechanism of oil release from the lithium complex in soap
and nonsoap thickeners of greases. It is assumed that the leakage occurs from the viscous flow of
unbound oil in the porous structure made of the effective media (the region surrounding the thickener
particles).

Zhang et al. [14] investigated on microstructure, friction and rheology of four lithium greases
formulated with four different base oils (paraffinic oil, naphthenic oil, poly-a-olefin and polyol ester). It
was found that naphthenic oil-based grease exhibited the best colloidal stability. Lithium fibers in polyol
ester-based lubricant showed a relatively flat network compared to the three-dimensional entangled
structure of the other three greases. Tribological performance of greases differed from their
corresponding base oils, which might be attributed to the different microstructure of lithium soap fibers.
Three-dimensional entangled structure was more suitable for friction-reducing than flat network
structure. Moreover, noise test revealed that naphthenic oil-based lubricant was suitable for low-noise
bearing lubrication. This study provided fundamental guidance for the selection of base oil which is
beneficial for the development of high-performance lubricant products.

In industrial production, the selection of raw materials is often based on the criteria of
availability and cost. Aromatic, alicyclic, and aliphatic amines with up to 20 carbon atoms in the
hydrocarbon chain are commonly used to make lithium greases. Lithium soaps are obtained by
saponification of 12-hydroxystearic acid with LiOH and organic acids [1, 3]. In works [15-18],
hydroxylated fatty acid soaps based on vegetable oils or secondary fatty raw materials were synthesized,
and thixotropic systems with improved performance characteristics were developed.

Therefore, the purpose of this work is to obtain samples of complex lubricants based on
synthesized lithium soaps of hydroxylated fatty acids from waste food oil and to study the effect of the
microstructure of these samples on rheological and volumetric-mechanical properties.

Experiment

Waste food oils (WFO), a sample provided by a local catering establishment, were used as an
alternative source of secondary fatty acids. 99.5 % potassium iodide, 35 % hydrogen peroxide, 99.8 %
sodium hydroxide, 99 % lithium hydroxide, 13 % hydrochloric acid, 12-hydroxystearic acid, 99.8 %,
99.5 % diethanolamine, 99.8 % formic acid, 99.7 % adipic acid, 99.6 % sebacic acid were purchased
from Chemlaborreactiv (Ukraine).

Samples of complex lithium lubricants were evaluated according to the following indicators
penetration (ISO 2137), dropping point (ASTM D 2265), colloidal stability (GOST 7142, method A),
viscosity (GOST 7163). The scanning electron microscopy (SEM) images were taken using brand
appliance CAMSCAN.

Hydroxylated fatty acids were synthesized by epoxidation of unsaturated fatty acids of waste
food oil followed by hydrolysis by acylglycerol grouping and oxirane rings. Fatty acid aminoamides of
waste food oils were synthesized by epoxidation of oils followed by the opening of oxirane cycle and
transamidation of acylglycerols with diethanolamine according to the method described in patent [15].
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Results and Discussion

A complex lithium lubricant is a highly structured colloidal-dispersed system in which the
internal dispersed phase, a thickener based on a lithium complex (complex lithium soap), binds the
dispersion medium (mineral or synthetic oils) into a single system. Complex lithium soap (cLi-soaps) is
a product of cocrystallization of cLi-soap of high molecular weight fatty acids and Li-salts of low
molecular weight organic and inorganic acids [1]. Indeed, having a polar hydrophilic component and a
developed nonpolar lipophilic part, the thickener is actively concentrated at the interface of two mutually
insoluble phases, reducing the surface or interfacial tension.

Chemical modification of waste food oils was carried out to obtain an emulsifier-stabilizer as a
thickener for lubricants — saponified hydroxylated fatty acids (WFO.on) a solution of lithium hydroxide.
The WFO hydroxy acids were synthesized by epoxidation of unsaturated fatty acids (oleic, linoleic,
linolenic, erucic) or their mixture, which is part of used food oils, followed by hydrolysis by
acylglycerol groups and oxirane rings [15].

Using WFO.oH, samples of complex lithium lubricants (cLi-lubricants) based on a base oil of
group IV according to the APl (American Petroleum Institute) classification with a viscosity of
9.5 mm?/s at 100 °C were made. The complex lithium lubricant is manufactured according to the
conventional technology containing lithium fatty acid soaps [1, 15] and includes the following steps
synthesis of hydroxylated fatty acids of WFO; production of lithium soaps of hydroxylated fatty acids
(saponification of hydroxylated fatty acids with lithium hydroxide solution) in the base oil environment;
introduction of a complexing agent (adipic acid (H2Ad) or sebacic acid (H2Se); dehydration of the
resulting oil-soap mixture; thermomechanical treatment of the mixture and its cooling; homogenization
of the lubricant.

By the above technology, using the appropriate raw materials, a sample of simple lithium
lubricant without a complexing agent (sample 1) and samples (2, 3, 4, 5) of complex lithium lubricant
with the following content, % wt.: lithium soaps of hydroxy acids of oils — 15.0, synthetic oil — the rest,
heat treatment temperature 220 °C (sample 1); complex lithium soap of hydroxy acids of oils
(complexing agent H2Se) — 20.0, synthetic oil — the rest, heat treatment temperature 220 °C (sample 2);
complex lithium soap of hydroxy acids of oils (complexing agent H2Ad) — 20.0, synthetic oil — the rest,
heat treatment temperature 220 °C (sample 3); complex lithium soap of hydroxy acids of oils
(complexing agent H2Se) — 20.0, synthetic oil — the rest, heat treatment temperature 240 °C (sample 4);
complex lithium soap of hydroxy acids of oils (complexing agent H.Se) — 22.0, synthetic oil — the rest,
heat treatment temperature 220 °C (sample 5).

Table 1 presents the results of the rheological and bulk-mechanical properties of lithium lubricant
samples. The obtained cLi-lubricants samples are characterized, first of all, by high thermal stability,
which confirms the value of the dropping point. The dropping point is the temperature at which a
thixotropic system passes from a plastic solid to a liquid state. A lubricant is high-temperature if at least
one of the following requirements is met: its dropping point is higher than 250 °C, and the temperature
limit of application is higher than 150 °C [19]. The obtained samples of cLi-lubricants (2, 4, 5) are
characterized by a higher dropping point than sample 1 of a simple lithium lubricant. Table 1 presents
the results of studies on the mechanical stability of lubricants.

Mechanical stability — the ability of a lubricant to resist mechanical stress and restore lost
volumetric and mechanical properties — is one of the most important parameters for assessing the
operational properties of lubricants [1]. Lubricant, which quickly breaks down and is poorly restored
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after stress relief, leaks from bearings, axle boxes, etc., causing dry friction and overheating. Mechanical
stability is largely determined by the properties and concentration of the thickener, as well as the
stability of its structural framework, which is manifested in the magnitude of the bonding forces between
its individual components.

Table 1. Properties of samples of lithium lubricants

Properties of samples of complex lithium lubricants
H o . —4
Samples of Penetration at 25 °C, m I\lﬂo | Colloidal | Effective
Sample | complex Dropping | After 60 | After 10,000 ec Ianlc stability, viscosity
No. lithium : double doubles al % of at-30 °C
. point, °C tabilit i
lubricants ’ strokes strokes Sc?\alnlg)e/’ extracted | and strain-rates
oil 10 s, Pa:
(Pl) (PZ) (AP) as
1 Sample 1 204 240 260 20 13.4 1138
2 Sample 2 >250 256 274 18 14.2 800
3 Sample 3 213 212 236 24 16.6 -
4 Sample 4 250 268 289 21 16.2 890
5 Sample 5 >250 242 258 16 12.6 989

He criterion for mechanical stability is the change in the penetration index of the lubricant after
prolonged mechanical destruction (P2-P1 = AP). According to ISO 2137, the lubricants were subjected to
destruction in a standard penetrometer mixer. P1 was determined after 60, and P> after 10.000 double
strokes.

The change in the state of the lubricant (AP) characterizes the stability of its structural
framework: for AP < 30 — mechanical stability is excellent, for AP = 30+60 — good, for AP = 61+100 —
satisfactory, for AP > 100 — unsatisfactory [20]. The data in Table 1 indicate that cLi-lubricants have
high mechanical stability (AP does not exceed 24 units).

Viscosity is the most important operational characteristic that determines the conditions for
filling the lubricant into the friction units at low temperatures and affects the starting torque of the
bearings. For lithium lubricant samples, the viscosity at a temperature of minus 30 °C and an average
strain rate gradient of 10 s-1 is Li-lubricant (sample 1) 1138 Pa-s, cLi-lubricants (samples 2, 4-5) is
within 800-989 Pa-s (Table 1). The results show that cLi-lubricants have a lower viscosity compared to
simple lithium lubricant.

Figs. 1-4 shows the morphological characteristics of Li-lubricant and cLi-lubricants samples with
different component compositions. The formation of the structural framework of lubricants occurs due to
the formation of hydrogen bonds between the molecules of the thickener and the dispersion medium
[21]. In the process of emulsification, in the manufacture of lubricant compositions, the thickener
molecules form reverse micelles in the form of fibers [1]. The fibers, colloidally suspended in the base
oil, collide and entangle together, forming a connected three-dimensional mesh microstructure that holds
the dispersion medium, as confirmed by SEM images. This microstructure affects the rheological and
bulk-mechanical properties of the lubricants.

The results of scanning electron microscopy confirmed differences in the features of the
formation of the structural framework of the lubricant thickener depending on its composition,
concentration, complexing agents, and the temperature of the lubricant heat treatment. The dispersed
phase of lubricants based on lithium soaps of hydroxylated fatty acids and based on complex lithium
soaps of hydroxylated fatty acids has significant differences between sample 1 (Fig. 1 a), and sample 2
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(Fig. 1 b). Complex lithium soap is more structured than simple lithium soap, although both are formed
by entangled fibers. With the same soap concentration in the lubricant, the number of fibers in complex
lithium soap is many times greater. This explains the better rheological and operational properties of
complex lithium lubricants (Table 1).

7mkm TMkm

a b
Fig. 1. Microstructure of lithium lubricants: a) simple lithium lubricant; b) complex lithium lubricant

Adipic acid and sebacic acid were used as complexing agents in the preparation of complex
lithium soap. Accordingly, the cLi-lubricant samples: sebacic acid - H2Se (sample 2, 4, 5), adipic acid -
H2Ad (sample 3). One of the main indicators confirming the presence of a lithium complex in the
lubricant is the high dropping point, over 250 °C, compared to simple lithium lubricants (sample 1),
in which the dropping point is over 180 °C [1]. Therefore, according to the data in Table 1, it can be
concluded that when the complexing agent H>Se (sample 2, 4, 5) is introduced into the thickener
composition, a complex molecular complex is formed between the salts obtained during
saponification. However, when the complexing agent H.Ad (sample 3) is introduced into the
thickener composition, a mixture of dilithium and lithium soaps is formed instead of a complex
lithium soap. This confirms the conclusions of the authors of the works [1, 15] that complex lithium
soap is formed when a dicarboxylic acid with a chain length of at least 9 carbon atoms is introduced
into the thickener, and in adipic acid, the chain length consists of 8 carbon atoms.

The maximum thickening effect of the dispersed phase of the lubricant upon introduction of
H>Se is explained by the structural features of the formed complex lithium soap. Indeed, in Fig. 1 b
we observe that sample 2 of complex lithium lubricant with H>Se complexing agent has a more
structured intertwined three-dimensional mesh microstructure, which provides better binding of the
dispersion medium and better colloidal stability, lower rheological properties (Table 1).

As can be seen from the SEM images (Fig. 2 a, b), changing the heat treatment temperature of
the lubricant leads to the formation of different types of microstructure. At high temperatures of heat
treatment of cLi-lubricant (240 °C), an amorphous dispersed phase is formed (sample 4), capable of
retaining the dispersion medium in its cavities (Fig. 2a). This is confirmed by the high values of
viscosity and colloidal stability indicators. At a heat treatment temperature of cLi-lubricant 220 °C
(sample 2), a strong, bonded three-dimensional mesh microstructure of the thickener is formed, the
thickening ability of the dispersed phase, the dropping temperature, penetration, colloidal stability, and
rheological properties are improved (Table 1).

To determine the effect of thickener concentration on rheological characteristics, we prepared
sample 2 cLi-lubricant with a cLi-soap concentration of 20 % and sample 5 cLi-lubricant with a
cLi-soap concentration of 22 %. It was found that the viscosity of lubricants increased with increasing
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thickener concentration (Table 1). SEM images (Fig. 3) demonstrate that with increasing thickener
concentration, there is a gradual development of soap fibers, the number and length of which increase,
achieving a structured fibrous microstructure [12]. Sample 5 of the lubricant with a thickener content of
22 % has better colloidal and mechanical stability. The change in the thickener concentration in the
lubricant (sample 5) did not affect the dropping point value, but the rheological properties deteriorated
with increasing thickener concentration (Table 1).

3ukm 4mkm

a b
Fig. 2. Microstructure of complex lithium lubricants at different heat treatment temperatures: a) 240 °C;
0) 220 °C

4mkm 4mkm

a b
Fig. 3. Microstructure of complex lithium lubricants at different thickener concentrations, %: a) 20%; 6) 22%

Thus, the rheological and volumetric-mechanical properties of lubricants depend on the bound
three-dimensional mesh microstructure of the dispersed phase. This complex molecular complex
manifests in the magnitude of the bonding forces between its components. The formation of a stable
structural framework of lubricants depends on the optimal composition, concentration of thickener,
complexing agents, and heat treatment temperature. Otherwise, instead of complex lithium lubricants, a
simple mechanical mixture is formed.

It has been determined that the maximum thickening effect of the dispersed phase, lower values
of the effective viscosity at minus 30°C, an increase in the drop point, and a stable structural framework
of the complex lithium lubricant are provided by the introduction of a complexing agent such as sebacic
acid. The optimum concentration of the thickener is 20-22 %, but increasing the concentration led to an
increase in the effective viscosity of the lubricants, while the indicators of mechanical stability and drop
point remained almost unchanged. The optimum heat treatment temperature for complex lithium
lubricant is 220 °C. If the heat treatment temperature of the lubricant was violated, the microstructure of
the complex lithium soap was destroyed, which led to a deterioration in viscosity and colloidal stability.
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It was found that complex lithium soap is more structured than simple lithium soap, although
both are formed by a connected three-dimensional lattice microstructure.

Conclusion

The use of lithium soaps of hydroxylated fatty acids from of waste food oil and the introduction
of a complexing agent made it possible to obtain a complex molecular complex, a complex lithium soap
- a bound three-dimensional mesh structure with tangled soap fibers that retains the base oil in the
lubricant and gives the lubricant appropriate performance characteristics.

The established rheological, volume-mechanical, and temperature regularities of the structure
formation of the dispersed phase of lubricants can be used to select rational modes of obtaining complex
lithium lubricant compositions intended for use in friction units of modern machines and mechanisms.
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MiKpOCTPYKTYypPa KOMILUIEKCHHX JITI€BUX MACTHJI
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2TOB «HBO «Inosayiiini mexnono2ii i cucmemuy

eyn. XKmepuncoka, 1, Kuis, 03148, Vkpaina, e-mail: info@itis.com.ua

B nmaniit poboti mpencTaBieHO pe3yNabTaTH JOCHIHKEHb MIKPOCTPYKTYpPH Ta BJIACTUBOCTEH 3pa3KiB
MacTHJI Ha OCHOBI CHHTE30BAaHMX KOMIUIEKCHMX JITIEBUX MW TiJPOKCHIBOBAHMX JKUPHUX KHCIOT
BiJNpaliboBaHOi Xap4yoBOi ONii, SK 3aryCHUKa MacTHj. Pe3yiabTaTH CKaHYIYOl EJEKTPOHHOI MiKpOCKOIIil
MiATBEPIUIIA BiIAMIHHOCTI B 0COONMBOCTAX (POPMYBaHHS CTPYKTYPHOTO KapKacy MAacTHII 3aJIe)KHO BiJl IXHBOTO
CKJIaJly, KOHIIEHTpaIlii 3aryCHUKa, KOMIUIEKCOYTBOPIOIOUMX areHTiB Ta TeMIlepaTypu TepMooOpoOku. BuzHaueHo,
0 caMeé 3aryCHMK MacTuiia 3B’s3y€ JUCIepCiiHe CepelioBUIIE 3a PaXxyHOK MIKMOJEKYJSIPHOI B3a€EMOIi,
YTBOPIOIOE TPUMIPHY TMEPEIJIETeHy MIKPOCTPYKTYPY 1 Hala€ MacTHIIy MOKpAIeHi peosioTidyHi Ta 00’ €MHO-
MeXaHiuHi BiacTuBOCTi. KoMIUIekCHe miTieBe MHJIO OULTBII CTPYKTYpOBaHE, HIXK IPOCTE JITIEBE, X04a OOMIBA
YTBOPEHi 3B’S3aHOI0 TPUMIPHOIO CITYACTOI MIKpOCTPYKTyporo. [loka3zaHo, 110 peoJiorivHi Ta eKcIuTyaTtaliiiHi
BJIACTUBOCTI MacTHJIa MOXHA MOJIMIIUTH 32 JAONOMOIOI0 Pi3HUX KOMIUIEKCOYTBOPIOBauiB. 3pa3ku MacTWJI Ha
OCHOBI JIITIEBOTO KOMIUIEKCY XapaKTepPHU3YIOThCS MaKCHMAIbHUM 3aryllyBajJbHUM €(EKTOM i MaloTh HIDKYI
3Ha4YeHHs epeKTHBHOI B’s3K0cTi 32 MiHyc 30 °C. 31 30iblICHHIM KOHIIEHTpAIlii 3arycHUKa e(eKTHBHA B’S3KiCTh
KOMIUICKCHUX JITIEBUX MacTWJI 30UIbIIyBaJIach, ajie IOKAa3HUKWM MEXaHIYHOI cTalijbHICTI Ta TeMmeparypu
KparulenaiHAs 3aJIMIIAINCh, Maike 0e3 3MiH. BUsBIIEHO, 110 ONTHMAalbHA TEMIIEpaTypa TEpPMidHOI 0OpOOKHU
KOMIUIEKCHOTO JIiTieBoro Mactuna craHoButh 220 °C. [lpu mopyuieHHI TeMIiepatypu TepMidHOI 0OpOOKH
Mactwia, Hanpuknaa 3a 240 °C, BijOynock pyHHYBaHHS MIKPOCTPYKTYPH KOMIUIEKCHOTO JITIEBOTO MUIA, IO
MIPHU3BEJIO JIO MOTIPIICHHS TOKAa3HUKIB B’SI3KOCTI Ta KOJIOiMHOI cTabinbHOCTI. BeTaHoBeHi peonoriuni, 06’ €MHO-
MeXaHI4Hi Ta TeMIepaTypHi 3aKOHOMIPHOCTI CTPYKTYpPOYTBOPEHHsI IMCIEpCcHOi (a3 MacTHiI MOXYTh OyTH
BUKOPHUCTaHI JJisi BUOOPY palliOHATBHUX PEKUMIB OJIEPIKaHHS KOMIUIEKCHHX JIITIEBHX MACTHIIBHUX KOMITO3HIIIH
MPU3HAYEHUX JIJISl BAKOPUCTAHHS Y BY3JIaX TePTs CyYacHUX MaIllMH 1 MEXaHi3MiB.
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