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В данной работе были синтезированы порошки карбонатных форм слоистых 

двойных гидроксидов (СДГ), содержащие различные двойные и тройные комбинации соеди-
нений Zn, Cu, Cr и Al, взятых в соотношениях Zn:Al=2:1, Zn:Cr=2:1, Cu:Zn:Al=1:1:1 и 

Cu:Cr=3:1, позволяющих получить химически стабильные продукты. Полученные порошки 

были исследованы методами рентгеновского фазового анализа и, после высокоэнергетиче-

ского помола, использованы в качестве добавок (3 масс.%) для приготовления смазочных ком-
позиций на основе универсального базового масла И-20А. Трибохимическое поведение полу-

ченных смазочных композиций было изучено с использованием машины трения. Исследова-

лось изменение химического состава трущихся поверхностей стали, величина износа и 

нагрузка сваривания, а также кинетика изменения коэффициента трения и температуры 
смазочной композиции в процессе трения. Показано, что добавки всех видов исследованных 

слоистых двойных гидроксидов существенно улучшают весь комплекс трибологических ха-

рактеристик модельной смазочной композиции, оказывая комплексное влияние на ее анти-

фрикционные, противоизносные и противозадирные свойства. При этом, вклад в увеличение 

конкретных трибологических характеристик определяется химическим составом частиц 
слоистых двойных гидроксидов. Присутствие Zn в наибольшей степени способствует 

уменьшению коэффициента трения, Cu увеличивает противоизносные свойства поверхно-

сти, а Al обеспечивает увеличение нагрузки сваривания трущихся поверхностей стали. Об-

суждается механизм трибохимических процессов, протекающих в исследованных системах. 
Показано, что достигаемый эффект обеспечивается наноразмерным характером частиц 

слоистых двойных гидроксидов, а также возможностью их встраивания в дефекты поверх-

ности стали и химического взаимодействия с ее поверхностными слоями. 

Ключевые слова: слоистые двойные гидроксиды, смазочные композиции, трибохимиическое по-
ведение, трибологические свойства 
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Some carbonate forms of powdered layered double hydroxides (LDH) containing various 

double and ternary combinations of Zn, Cu, Cr and Al compounds were produced. The molar ratios 

of: Zn:Al = 2:1, Zn:Cr = 2: 1, Cu:Zn: Al = 1:1:1 and Cu:Cr = 3:1 were selected to obtain chemically 

stable products. The resulting substances were investigated by XRD methods and, after a high-

energy grinding, were used as additives (3 wt%) to produce lubricating compositions based on I-

20Abase oil. The tribochemical behavior of the obtained lubricants was studied using a friction 

machine. A change in the chemical composition of the rubbing steel surfaces, wear and welding 

load value, as well as the kinetics of the friction coefficient and temperature of the lubricants were 

measured during the testing process. It is shown that all the types of investigated LDH’s additives 

significantly improve the complex of tribological characteristics of the model lubricant composition 

(antifriction, antiwear and extreme pressure properties). The contribution in specific tribologic 

characteristics is determined by the chemical composition of the LDH’s particles. A presence of Zn 

mostcontributes decreased friction, Cu increased wear resistance, and Al provides increased weld-

ing loads. The mechanism of tribochemical processes occurring in the investigated systems is dis-

cussed. It is shown that the achieved effect is provided by nanoscale nature of LDH particles, as 

well as possibility of their incorporation into the steel surface micro-cracks and chemical interac-

tion with the steel surface layers. 

Key words: layered double hydroxides, lubricating compositions, tribochemical behavior, tribology 

properties 
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INTRODUCTION 

The tribology properties of lubricants repre-

sent fundamental factors ensuring long life service of 

machine assemblies and as well as low energy con-

sumption influencing energy dissipation related to fric-

tion. To improve lubricating properties of greases, the 

particles of solid lubricants (antifriction, antiwear ad-

ditives) of various chemical compositions [1-3] are 

widely used, i.e. graphite and molybdenum disulfide 

[4, 5] having a layered crystalline structure are most 

popular admixtures of this group. However, increased 

requirements to the tribology properties of antifriction 

additives favor a search of new solid lubricants charac-

terized with enhanced complex of different tribology 

properties. In this regard, the main attention is paid to 

the development of lubricating additives that can with-

stand extreme loads and ensure minimal wear in the 

machines and mechanisms [6, 7]. 

Layered double hydroxides [8] (LDHs) repre-

sent one of perspective groups of new lubricating ma-

terials. These substances have hydrotalcite-like anionic 

clay structures with the chemical composition correspond-

ing the formula [M(II)1-xM(III)x(OH)2]x+[An-
x/n·yH2O]x-, 

where M(II) and M(III) are divalent and trivalent metal 

cations, respectively, and An- is an n-valence anion. 

These compounds have a layered crystalline structure 

similar to MoS2, with wide variations depending a na-

ture of cations and M(II) / M(III) molar ratio, as well 

as a type of anion [9]. One of the advantages, among 

other layered materials, the LDH’s could be formed 

with a large number of possible combinations of metals 

M(II) and M(III) and metal-anion combinations due to 

relatively simple experimental methods of synthesis 

based on “green” chemistry. The LDH’s can form 

highly dispersed powdered (submicro- and nanoscale) 

systems having layered structure which strongly influ-

ences friction and wear processes due to potential tri-

bochemical behavior and forming of different protec-

tive films onto worn surface. For example, the addition 

of Co/Al-CO3 LDH particles to the basic oil contrib-

uted to a decrease in friction by 49% and a decrease in 

wear scar diameter by 33,1% [10], Mg/Al-NO3 na-

nopowders intercalated with dodecanoic acid reduce 

friction by 23% [11]. Similar results were demon-

strated by other types of LDH’s, such as Zn/Al, 

Zn/Mg/Al, Ni/Al, Mg/Al/Ce, etc. carbonate systems 

[12-14]. In any case, LDH particles contribute to the 

improvement of various tribology properties of lubri-

cating compositions however, the published data indi-

cates that their tribology behavior strongly depends on 

the chemical composition [13]. 
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In this regard, it is necessary to note that cop-

per-containing LDH systems are not studied as lubri-

cating additives yet, in spite of a great potential for ap-

plication in this area as layered materials containing an 

effective cladding element [15- 17]. 

Taking into account above mentions com-

ments, the aim of this work was to produce the Cu and 

Zn containing LDH’s of various chemical composi-

tions and carry out a comparative study of tribology 

properties of the obtained lubricating systems and 

standard basic oil in order to specify a mechanism of 

the processes taking place in the surface layers of a 

worn metal surface. In particular, the LDH’s related to 

the carbonate systems of Cu/Cr, Zn/Cr, Zn/Al and 

Cu/Zn/Al were synthesized and investigated, Cr and Al 

were selected as additional components of the LHD 

compositions taking into account that the 1st positively 

influences antiwear behavior as well as the 2nd poten-

tially may affect a value of critical loading [18-21]. 

EXPERIMENTAL PART 

To obtain the powders of the selected layered 

double hydroxides, the following chemical reagents 

were used as raw materials: Zn(NO3)2·6H2O (chemi-

cally pure grade) GOST 5106-77, Al(NO3)3·9H2O (an-

alytical grade) GOST 3757-75, Cr(NO3)3·9H2O (ana-

lytical grade) GOST 4471-78, Cu(NO3)2·3H2O (ana-

lytical grade) TU 2622-003-62931140-2015, KOH 

(chem. h.) GOST 24363-80, K2CO3 GOST 10690-73. 

The LDH powders were synthesized by the 

standard coprecipitation method maintaining a con-

stant pH value (pH = 10) [22]. The following Me2+ and 

Me3+combinations characterized with a molar ratio of: 

Zn:Al=2:1, Zn:Cr=2:1, Cu:Zn:Al=1:1:1, Cu:Cr=3:1, 

were chosen for the selected systems: taking into ac-

count the results of some previous experimental works 

on synthesis of stable LDH systems [23]. 

To produce the carbonate forms of layered 

double hydroxides, 2.5 M aqueous solutions of KOH 

and K2CO3 were mixed in a molar ratio of 6:1 and 

added to the 1M mixed solutions of the corresponding 

nitrates of the Me2+ and Me3+ metals. The addition of 

mixed KOH and K2CO3 aqueous solution was carried 

out at a rate of 2 ml/min until obtaining pH = 10 in the 

reaction medium. After that, the resulting dispersions 

were subjected to the thermal treatment at 90 °C for 5 h. 

The obtained precipitate was filtrated and washed with 

distilled water. Furthermore, the precipitate was dried 

at 60 °C and grounded in the vibration mill (Fritsch 

PULVERISETTE 0) for 0,5 h to produce highly dis-

persed powder. 

The phase composition of the obtained prod-

ucts was determined using an ARLX'TRA diffractom-

eter (CuKα source λ = 0.15439 nm) in the 2ϴ angle 

range from 5 to 600.The size of particles in the pow-

ders was estimated using the formula of Scherrer: 

𝐿𝑐 =
0.89𝜆

𝛽006∙𝑐𝑜𝑠𝜃006
, 

Where 𝐿𝑐 is a length of t crystals, λ is a wavelength of 

X-rays, β006 is the width of the reflection at half of max-

imum, obtained by reflection from the plane (006); 

θ = 23.480 is an angle of the reflection for the corre-

sponding plane. 

The synthesized LDH powders were dispersed 

in the basic industrial oil of the I-20A trademark 

(GOST 20799-88) using a vibration mill (Fritsch PUL-

VERISETTE 0). The content of powder fillers in the 

lubricating compositions was of 3 wt.% in accordance 

to the overall practice of such testing investigations 

[24]. The tribology properties of the prepared lubrica-

tion compositions were studied using a standard fric-

tion machine consisting of a clip-roller tribo-interface 

(Fig. 1) made of GCr15 bearing steel. The tests were 

carried out at a load of 360 N with a rotation speed of 

800 rpm. Values of the friction coefficient and temper-

ature of the lubricating composition were recorded. An 

area of wear spots formed onto the surface of the test-

ing rollers was examined using an Explorer Aspex FEI 

scanning electron microscope and taken as a character-

istic of wear resistance. A minimum load at which the 

rubbing surfaces adhered to each other was considered 

as a welding load factor.  

 

 
Fig. 1. Friction machine diagram. 1 - roller, 2 - clip, 3 - lubricant 

Рис. 1. Схема машины трения. 1 - ролик, 2 - обойма, 3 - смазка 

 

RESULTS AND DISCUSSION 

X-ray diffraction patterns of the synthesized 

LDH powders are shown in Fig. 2. All the main dif-

fraction reflections are in a good agreement with the 

characteristics of the hexagonal phase of LDH’s 
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(JCPDS-ICDD 37-630). The Zn/Cr system is charac-

terized by low-intensity reflections, which indicates an 

almost amorphous structure of LDH. The Cu/Cr sys-

tem is characterized by broad low-intensity reflections 

corresponding to the LDH phase, as well as reflections 

corresponding to copper oxide. An appearance of the 

CuO impurity in the phase Cu/Cr LDH can be ex-

plained by the cooperative effect of Jahn-Teller [25]. 

However, the Zn and Al containing LDH systems 

(Zn/Al and Cu/Zn/Al) are characterized by narrow and 

intense X-ray reflections, indicating a high degree of 

crystallinity of the materials produced. On the other 

hand, in accordance with the XRD data, the precipitate 

obtained using the Cu/Cr raw materials mixture has 

practically amorphous structure. 
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Fig. 2. XRD patterns of LDH powders of various chemical com-

positions. (1): LDH(Zn/Cr); (2): LDH(Cu/Cr); 

(3):LDH(Cu/Zn/Al); (4): LDH(Zn/Al); α: LDH; β: CuO 

Рис. 2. Рентгенограммы порошков СДГ различного химиче-

ского состава. (1): СДГ(Zn/Cr); (2): СДГ(Cu/Cr); (3): 

СДГ(Cu/Zn/Al); (4): СДГ (Zn/Al); α: СДГ; β: CuO 

 

An average size (length) of the synthesized 

LDH crystals based on the analysis of XRD patterns of 

the synthesized and investigated products using the 

Scherrer formula is reported in Table 1. The Zn and Al 

containing LHD powders (Zn/Al and Cu/Zn/Al) have 

a size more than 20 nm, where as a size of Cr contain-

ing LHD’s (Cu/Cr and Zn/Cr system) is so small that 

the particles of these products only contain a few tens 

of planes (may be less, for the Cu/Cr system), as a re-

sult XRD reflections are so wide that it is difficult to 

distinguish them from the background and to calculate 

their real size. 

Fig. 3 shows the kinetic curves for the friction 

coefficient for pure basic oil and for the same contain-

ing 3 wt. % of different LDH additives. Each of the 

LDH additives reduced a value of the friction coeffi-

cient in comparison with the basic oil. Nevertheless, 

the level of friction reduction depended on chemical 

composition of LDH’s powder (Table 1). The greatest 

reduction in friction (37%) was achieved with the Cu 

free admixture of the Zn/Cr-CO3 LDH system. Copper 

containing LDH’s (Cu/Zn/Al-CO3 and Cu/Cr-CO3) re-

duced the friction coefficient by 26 and 23%, respec-

tively, while the system of Zn/Al-CO3 reduced the co-

efficient of friction by 32%.  

As can be seen, a stable value of the friction 

coefficient is established after 15-20 min of testing and 

is associated with a lapping of tribo-couplings as wall 

as separation of agglomerated LDH particles [26]. 

 
Table 1 

Average size (D) of LDH crystals of various synthesized 

compositions 

Таблица 1. Средний размер кристаллитов СДГ раз-

личного химического состава 

Additive D, nm 

LDH (Zn/Al) 20.9 

LDH (Cu/Zn/Al) 20.4 

LDH (Cu/Cr) 9.1 

LDH (Zn/Cr) Could not be calculated 
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Fig. 3. Friction coefficient kinetics for the investigated lubricating 

compositions based on different LHD’s at a load of 360N. The 

systematic measurement error of the friction coefficient value is 

of ±0.002 

Рис. 3. Кинетические зависимости коэффициента трения для 

исследуемых смазочных композиций на основе различных 

СДГ при нагрузке 360 Н. Систематическая погрешность из-

мерения значения коэффициента трения составляет ± 0,002 

 

Fig. 4 shows a change of the temperature for 

different lubricating compositions during the tribo-

testing process. It is known that up to 95% of the work 

of friction forces is spent on heating of directly con-

tacting friction surfaces [27]. As you can see, the ad-

mixtures of LDH powders related to all the investi-

gated dimetal systems (Zn/Cr, Zn/Al, Cu/Cr) de-

creased a value of the steady-state temperature of the 

lubricating composition indicating reduced friction. At 
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the same time, a use of the Cu/Zn/Al-CO3 LDH addi-

tive promoted increased temperature of the lubricant 

composition in spite of significant decrease in the fric-

tion (Fig. 1). Such phenomena can be explained by the 

abundant deposition of powders on the friction surface 

and further interaction of the powders with the friction 

surface. As a result, modified layers are formed that 

prevent heat removal due to their lower thermal con-

ductivity than that of pure metal [28]. Therefore, the 

self-heating temperature for such systems is higher 

than for oils without additives [28]. On the other hand, 

LDH particles (Cu/Zn/Al) can contribute to an increase 

in the thermal conductivity of the lubricant composi-

tion as a whole [29], which leads to a more efficient 

heat removal from the friction zone. 

Values of the welding load and wear spot are a 

obtained during the tribology testing procedures with 

different lubrication compositions are reported in table 2.  

The most significant effect on the antiwear 

properties of lubricants is exerted by the LDH’s of the 

(Zn/Al) and (Cu/Zn/Al) system, which may be associ-

ated with a presence of a well-developed crystalline 

layered structure of these substances. At the same time, 

the (Zn/Al) LDH system more intensively influences 

extreme pressure properties (welding load value); 

whereas, an introduction of Cu in this system 

(Cu/Zn/Al LDH) promotes maximum wear resistance, 

although it leads to slight increase in friction and some 

decline of a welding load value. This effect can be as-

sociated with the known fact of a stronger cladding ef-

fect of copper in comparison with zinc [30]. The best 

reduction of friction at low loads but, at the same time, 

low tribological efficiency at high loads, which were 

recognized for the compositions based on (Zn/Cr) and 

(Cu/Cr) LDH’s, could be associated with a very low 

scale of particles forming these products. It is possible 

to propose that their particles with a size lower of 10-

15 nm at low loads can easy penetrate into a friction 

zone and exhibit there a good lubricating effect: how-

ever, at high loads, a thin protective film, formed by 

nanoparticles may be easy destroyed [31]. 
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Fig. 4. Change in the temperature of lubricating compositions based 

on different LHD’s at a load of 360 N. The systematic error in the 

temperature measurement is of ± 1 °C. (1 – base oil; 2 – LDH(Zn/Al); 

3 – LDH(Cu/Cr); 4 – LDH(Cu/Zn/Al); 5 – LDH(Zn/Cr) 

Рис. 4. Изменение температуры смазочных композиций на ос-

нове различных СДГ при нагрузке 360 Н. Систематическая по-

грешность измерения температуры составляет ± 1 ° С. (1 - базо-

вое масло; 2 - СДГ(Zn / Al); 3 - СДГ(Cu / Cr); 4 - СДГ(Cu / Zn / Al); 

5 - СДГ(Zn / Cr) 

 

Table 2 

Influence of the nature of lubricating additive on tribology properties of the investigated LDH’s based lubricating 

compositions 

Таблица 2. Влияние природы смазочных добавок на трибологические свойства исследуемых смазочных 

композиций на основе СДГ 

Additivetype 
Change of the friction 

coefficient. % 

Change of the lubricating com-

position temperature. % 
Welding load, N 

Wear scar area, 

mm2 

None 100  100  580 11.8 

LDH (Zn/Cr) -37 -4.4 1260 10.6 

LDH(Zn/Al) -32 -9.7 1600 8.0 

LDH(Cu/Zn/Al) -26 +6.1 1440 6.2 

LDH(Cu/Cr) -23 -3.4 1050 8.3 

 

Thus, the tribological properties of the investi-

gated LDH’s are determined mainly by their layered 

structure, where the LDH layers are linked by weak 

molecular bonds, which are easily broken under the ac-

tion of a shear force, which allows them to easily slide 

relative to each other. During friction, the LDH parti-

cles are able to absorb on the contacting surfaces, 

thereby preventing direct contact of tribo-couplings 

and filling irregularities on the friction surface. As a 

result, the antiwear and loading properties of lubricants 

are increased. With a sufficient accumulation of energy 

on the friction surface, the adsorbed particles can form 

a protective film with improved micro hardness and 

smoothness.  

Aluminum, transferred into the friction sur-

faces of steel, is known for its ability to form a strong 

oxide film, which leads to an increase in the hardness 
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and strength of the friction surface, and so it also in-

creases resistance to oxidation at high temperatures, 

which contributes to an increase in the welding load 

[32]. An introduction of copper into the composition of 

LDH can significantly improve the antiwear properties 

of this group of additives due to a well-known cladding 

effect. Copper-containing compounds are able to easily 

form protective films due to their high ductility and re-

moval of the surface oxide layer due to abrasion of fric-

tion surfaces, preventing direct contact between sur-

faces and having low shear resistance, which subse-

quently leads to a decrease in friction and wear. 

In any case, multicomponent LDH systems 

formed by nanoscale particles characterized by high 

mobility and chemical reactivity, ability to form thin 

film coating onto the steel surface as well as alloys in 

the surface layers of steel have to be considered as a 

very perspective kind of lubricating additives, first of 

all, due to a wide possibility to vary their chemical 

composition and tribochemical behavior promoting 

various synergetic effects. 

CONCLUSIONS 

The obtained experimental results allow mak-

ing the following main conclusions: 

1) Layered double hydroxides (LDH’s) can be 

considered as promising additives due to their complex 

influence on tribology behave or of lubricating compo-

sitions. 

2) The chemical composition LDH’s is a main 

factor which influences on tribology characteristics of 

lubricants based thereon: Zn promotes antifriction 

properties (reduced friction coefficient), Cu favors an-

tiwear behave or (reduced wear scar area), Al provides 

increased antis cuff properties (enhanced welding 

load). 

4) Nanoscale size, high mobility and chemical 

reactivity of the LDH particles, as well as ability to 

form thin film coating onto the steel surface and alloys 

in the surface layers of steel, support improved tribol-

ogy characteristics of lubricating compositions. 

 

Л И Т Е Р А Т У Р А  

1. БабаевЭ.Р. Оценка взаимосвязи структуры некоторых 

азотсодержащих алкиларилзамещенных фенолов с их 

реакционной способностью и функциональными свой-

ствами. Изв. вузов. Химия и хим. технология. 2017. Т. 60. 

Вып. 5. С. 51−56. DOI: 10.6060/tcct.2017605.5569. 

2. Панин С.В., Корниенко Л.А., Алексенко В.О., Нгуен 

Дык Ань, Иванова Л.Р. Влияние углеродных нановоло-

кон/нано-трубок на формировании физико-механических 

и триботехнических характеристик полимерных компози-

тов на основе термопластичных матриц СВМПЭ и ПЭЭК. 

Изв. вузов. Химия и хим. технология. 2017. Т. 60. Вып. 9. 

С. 45-51. DOI: 10.6060/tcct.2017609.7у. 

3. Кошелев В.Н., Тонконогов Б.П., Килякова А.Ю., Алек-

санян К.Г., Мовсумзаде Э.М., Алексанян Д.Р., Гличева 

К.Р. Исследование влияния пигментов различного проис-

хождения на антифрикционные свойства полимочевинных 

смазок. Изв. вузов. Химия и хим. технология. 2016. Т. 59. 

Вып. 7. С. 68-74. DOI: 10.6060/tcct.20165907.5388. 

4. Braithwaite E.R. Solid Lubricants and Surfaces. Oxford, 

UK: Pergamon. 1964. 294 p. DOI: 10.1016/B978-0-08-

010018-0.50003-6. 

5. Bhushan B., Gupta B.K. Handbook of Tribology: Materi-

als, Coatings, and Surface Treatments. New York: McGraw-

Hill. 1991. 1088 p. 

6. Dai W., Kheireddin B., Gao H., Liang H. Roles of nanoparticles 

in oil Lubrication. Tribiology Internat. 2016. V. 102. P. 88-98. 

DOI: 10.1016/j.triboint.2016.05.020. 

7. Shahnazar S., Bagheri S., Abd Hamid S.B. Enhancing lub-

ricant properties by nanoparticle additives. Internat. J. Hy-

drogen eEergy. 2016. V. 41. N 4. P. 3153-3170. DOI: 

10.1016/j.ijhydene.2015.12.040.  

8. Mishra G., Dash B., Pandey S. Layered double hydroxides: 

A brief review from fundamentals to application as evolving 

biomaterials. Appl. Clay Sci. 2018. V. 153. P. 172-186. DOI: 

10.1016/j.clay.2017.12.021. 

R E F E R E N C E S  

1. Babaev E.R. Estimation of interrelation between structure of 

some nitrogen- containing alkylaryl- substituted phenols and 

their reactivity and functional properties. ChemChemTech [Izv. 

Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2017. V. 60. 

N 5. P. 51-56 (in Russian). DOI: 10.6060/tcct.2017605.5569. 

2. Panin S.V., Kornienko L.A., Alexenko V.O., Nguyen Duc 

Anh, Ivanova L.R. Influence of nanofibers/nanotubes on 

physical-mechanical and tribotechnical properties of poly-

mer composites based on thermoplastic UHMWPE and 

PEEK matrixes. ChemChemTech [Izv. Vyssh. Uchebn. 

Zaved. Khim. Khim. Tekhnol.]. 2017. V. 60. N 9. P. 45-51 (in 

Russian). DOI: 10.6060/tcct.2017609.7у. 

3. Koshelev V.N., Tonkonogov B.P., Kilyakova A.Yu., Ale-

ksanyan K.G., Movsumzade E.M., Alexanyan D.R., Gli-

cheva R.K. Study of effect of different origin pigments on fric-

tional properties of polyurea greases. ChemChemTech [Izv. 

Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol.]. 2016. V. 59. 

N 7. P. 68-74 (in Russian). DOI: 10.6060/tcct.20165907.5388. 

4. Braithwaite E.R. Solid Lubricants and Surfaces. Oxford, 

UK: Pergamon. 1964. 294 p. DOI: 10.1016/B978-0-08-

010018-0.50003-6. 

5. Bhushan B., Gupta B.K. Handbook of Tribology: Materi-

als, Coatings, and Surface Treatments. New York: McGraw-

Hill. 1991. 1088 p. 

6. Dai W., Kheireddin B., Gao H., Liang H. Roles of nanopar-

ticles in oil Lubrication. Tribiology Internat. 2016. V. 102. 

P. 88-98. DOI: 10.1016/j.triboint.2016.05.020. 

7. Shahnazar S., Bagheri S., Abd Hamid S.B. Enhancing lub-

ricant properties by nanoparticle additives. Internat. J. Hy-

drogen Energy. 2016. V. 41. N 4. P. 3153-3170. DOI: 

10.1016/j.ijhydene.2015.12.040.  

8. Mishra G., Dash B., Pandey S. Layered double hydroxides: 

A brief review from fundamentals to application as evolving 

biomaterials. Appl. Clay Sci. 2018. V. 153. P. 172-186. DOI: 

10.1016/j.clay.2017.12.021. 



 

A.R. Tsiganov et al. 

 

ChemChemTech. 2021. V. 64. N 7  81 

 

 

9. Miyata S. Anion-exchange properties of hydrotalcite-like com-

pounds. Clays Clay Minerals. 1983. V. 31. N 4. P. 305-311. 

DOI: 10.1346/CCMN.1983.0310409. 

10. Bai Z., Wang Z., Zhang T., Fu I.,Yang N. Synthesis and 

characterization of Co-Al-CO3 layered double hydroxides 

and assessment of their friction performances. Appl. Clay Sci. 

2012. V. 59-60. P. 36-41. DOI: 10.1016/j.clay.2012.02.003. 

11. Zhao D., Bai Z., Zhao F. Preparation of Mg/Al-LDHs inter-

calated with dodecanoic acid and investigation of its antiwear 

ability. Mater. Res. Bull. 2012. V. 47 (11). P. 3670–3675. 

DOI: 10.1016/j.materresbull.2012.06.042 

12. Li S., Qin H., Zuo R., Bai Z. Tribological performance of 

Mg/Al/Cu layered double hydroxides nanoparticles and interca-

lated products as lubricant additives. Appl. Surf. Sci. 2015. 

V. 353. P. 643–650. DOI: 10.1016/j.apsusc.2015.05.091. 

13. Li S., Bhushan B. Lubrication performance and mechanisms of 

Mg/Al-, Zn/Al-, and Zn/Mg/Al-layered double hydroxide nano-

particles as lubricant additives. Appl. Surf. Sci. 2016. V. 378. 

P. 308–319. DOI: 10.1016/j.apsusc.2016.03.220. 

14. Wang H., Liu Y., Liu W., Wang R., Wen J., Sheng H., 

Peng J., Erdemir A., Luo J. Tribological behave or of Ni 

Al-layered double hydroxide nanoplatelets as oil-based lub-

ricant additives. ACS Appl. Mater. Interfaces. 2017. V. 9 N 36. 

P. 30891-30899. DOI: 10.1021/acsami.7b10515. 

15. Yang G., Zhang Z., Zhang S., Yu L., Zhang P. Synthesis 

and characterization of highly stable dispersions of copper 

nanoparticles by a novel one-pot method. Mater. Res. Bull. 

2013. V. 48. N 4. P. 1716-1719. DOI: 10.1016/j.materres-

bull.2013.01.025. 

16. Kedzierski M.A., Gong M. Effect of CuO nanolubricant on 

R134a pool boiling heat transfer. Internat. J. Refrig. 2009. V. 

32. N 5. P. 791-799. DOI: 10.1016/j.ijrefrig.2008.12.007 

17. Padgurskas J., Rukuiza R., Kreivaitis R., Asadauskas S., 

Brazinskiene D. Tribologic behaviour and suspension stability 

of iron and copper nanoparticles in rapeseed and mineral oils. 

Tribol.-Mater., Surf. Interfaces. 2009. V. 3. N 3. P. 97-102. DOI: 

10.1179/175158309X12560424605196. 

18. Wang H., Wang Y., Liu Y., Zhao J., Li J., Wang Q., Luo 

J. Tribological behavior of layered double hydroxides with 

various chemical compositions and morphologies as grease 

additives. Friction. 2020. DOI: 10.1007/s40544-020-0380-5. 

19. Tsiganov A., Krivonogova A., Nikityuk T., Smirnova O., 

Gorokhovsky A. Synthesis, structure and tribological prop-

erties of nanocomposite materials in the system of potassium 

polytitanate–layered double hydroxide–serpentinite. IOP 

Conf. Ser.: Mater. Sci. Eng. 2019. V. 560. N 1. P. 012191. 

DOI: 10.1088/1757-899X/560/1/012191. 

20. Gorokhovsky A., Tsiganov A., Nikityuk T., Escalante 

Garcia I., Burmistrov I., Goffman V. Synthesis and prop-

erties of nanocomposites in the system of potassium polyti-

tanate-layered double hydroxide. J. Mater. Res. Technol. 

2020. V. 9. P. 3924−3934. DOI: 10.1016/j.jmrt.2020.02.018. 

21. Wang K., Wu H., Wang H., Liu Y. Superior extreme pressure 

properties of different layer LDH nanoplatelets used as boundary 

lubricants. Appl. Surface Sci. 2020. V. 530. P. 147203. DOI: 

10.1016/j.apsusc.2020.147203. 

22. Panda H.S., Srivastava R., Bahadur D. Synthesis and in 

situ mechanism of nuclei growth of layered double hydrox-

ides. Bull. Mater. Sci. 2011. V. 34. P. 1599-1604. DOI: 

10.1007/s12034-011-0364-1. 

23. Cavani F., Trifiro F., Vaccari A. Hydrotalcite-type ani-

onic clays: Preparation, properties and applications. Catal. 

Today. 1991. V. 11. N 2. P. 173-301. DOI: 10.1016/0920-

5861(91)80068-K. 

9. Miyata S. Anion-exchange properties of hydrotalcite-like com-

pounds. Clays Clay Minerals. 1983. V. 31. N 4. P. 305-311. 

DOI: 10.1346/CCMN.1983.0310409. 

10. Bai Z., Wang Z., Zhang T., Fu I.,Yang N. Synthesis and 

characterization of Co-Al-CO3 layered double hydroxides 

and assessment of their friction performances. Appl. Clay Sci. 

2012. V. 59-60. P. 36-41. DOI: 10.1016/j.clay.2012.02.003. 

11. Zhao D., Bai Z., Zhao F. Preparation of Mg/Al-LDHs inter-

calated with dodecanoic acid and investigation of its antiwear 

ability. Mater. Res. Bull. 2012. V. 47 (11). P. 3670–3675. 

DOI: 10.1016/j.materresbull.2012.06.042 

12. Li S., Qin H., Zuo R., Bai Z. Tribological performance of 

Mg/Al/Cu layered double hydroxides nanoparticles and interca-

lated products as lubricant additives. Appl. Surf. Sci. 2015. 

V. 353. P. 643–650. DOI: 10.1016/j.apsusc.2015.05.091. 

13. Li S., Bhushan B. Lubrication performance and mechanisms of 

Mg/Al-, Zn/Al-, and Zn/Mg/Al-layered double hydroxide nano-

particles as lubricant additives. Appl. Surf. Sci. 2016. V. 378. 

P. 308–319. DOI: 10.1016/j.apsusc.2016.03.220. 

14. Wang H., Liu Y., Liu W., Wang R., Wen J., Sheng H., Peng 

J., Erdemir A., Luo J. Tribological behave or of Ni Al-layered 

double hydroxide nanoplatelets as oil-based lubricant additives. 

ACS Appl. Mater. Interfaces. 2017. V. 9 N 36. P. 30891-30899. 

DOI: 10.1021/acsami.7b10515. 

15. Yang G., Zhang Z., Zhang S., Yu L., Zhang P. Synthesis 

and characterization of highly stable dispersions of copper 

nanoparticles by a novel one-pot method. Mater. Res. Bull. 

2013. V. 48. N 4. P. 1716-1719. DOI: 10.1016/j.materres-

bull.2013.01.025. 

16. Kedzierski M.A., Gong M. Effect of CuO nanolubricant on 

R134a pool boiling heat transfer. Internat. J. Refrig. 2009. V. 32. 

N 5. P. 791-799. DOI: 10.1016/j.ijrefrig.2008.12.007 

17. Padgurskas J., Rukuiza R., Kreivaitis R., Asadauskas S., 

Brazinskiene D. Tribologic behaviour and suspension stability 

of iron and copper nanoparticles in rapeseed and mineral oils. 

Tribol.-Mater. Surf. Interfaces. 2009. V. 3. N 3. P. 97-102. DOI: 

10.1179/175158309X12560424605196. 

18. Wang H., Wang Y., Liu Y., Zhao J., Li J., Wang Q., Luo 

J. Tribological behavior of layered double hydroxides with 

various chemical compositions and morphologies as grease 

additives. Friction. 2020. DOI: 10.1007/s40544-020-0380-5. 

19. Tsiganov A., Krivonogova A., Nikityuk T., Smirnova O., 

Gorokhovsky A. Synthesis, structure and tribological prop-

erties of nanocomposite materials in the system of potassium 

polytitanate–layered double hydroxide–serpentinite. IOP 

Conf. Ser.: Mater. Sci. Eng. 2019. V. 560. N 1. P. 012191. 

DOI: 10.1088/1757-899X/560/1/012191. 

20. Gorokhovsky A., Tsiganov A., Nikityuk T., Escalante 

Garcia I., Burmistrov I., Goffman V. Synthesis and prop-

erties of nanocomposites in the system of potassium polyti-

tanate-layered double hydroxide. J. Mater. Res. Technol. 

2020. V. 9. P. 3924−3934. DOI: 10.1016/j.jmrt.2020.02.018. 

21. Wang K., Wu H., Wang H., Liu Y. Superior extreme pressure 

properties of different layer LDH nanoplatelets used as boundary 

lubricants. Appl. Surface Sci. 2020. V. 530. P. 147203. DOI: 

10.1016/j.apsusc.2020.147203. 

22. Panda H.S., Srivastava R., Bahadur D. Synthesis and in 

situ mechanism of nuclei growth of layered double hydrox-

ides. Bull. Mater. Sci. 2011. V. 34. P. 1599-1604. DOI: 

10.1007/s12034-011-0364-1. 

23. Cavani F., Trifiro F., Vaccari A. Hydrotalcite-type ani-

onic clays: Preparation, properties and applications. Catal. 

Today. 1991. V. 11. N 2. P. 173-301. DOI: 10.1016/0920-

5861(91)80068-K. 



 

А.Р. Цыганов и др. 

 

82   Изв. вузов. Химия и хим. технология. 2021. Т. 64. Вып. 7 

 

 

24. Bai P., Li S., Tao D., Jia W., Meng Y., Tian Y. Tribological 

properties of liquid-metal galinstan as novel additive in lith-

ium grease. Tribol. Int. 2018. V. 128. P. 181-189. DOI: 

10.1016/j.triboint.2018.07.036. 

25. Bukhtiyarova M. A review on effect of synthesis conditions on 

the formation of layered double hydroxides. J. Solid State Chem. 

2018. V. 269. P. 494-506. DOI: 10.1016/j.jssc.2018.10.018. 

26. Li S., Qin H., Zuo R., Bai Z. Friction properties of La-doped 

Mg/Al layered double hydroxide and intercalated product as 

lubricant additives. Tribol. Int. 2015. V. 91. P. 60-66. DOI: 

10.1016/j.triboint.2015.06.012. 

27. Yu H.L., Xu Y., Shi P.J., Wang H.M., Zhao Y., Xu B.S., 

Bai Z.M. Tribological behaviors of surface-coated serpen-

tine ultrafine powders as lubricant additive. Tribol. Int. 2010. 

V. 43. P. 667–675. DOI: 10.1016/j.triboint.2009.10.006. 

28. Глущенко А., Замальдинов М., Салахутдинов И. Вли-

яние антифрикционных присадок в масле на темпера-

туру в трибоузле. Вестн. Ульянов. гос. сельхоз. акад. 

2015. Т. 30. № 2. С. 157-161. DOI: 10.18286/1816-4501-

2015-2-157-161. 

29. Chakraborty S., Sarkar I., Ashok A., Sengupta I., Pal 

S.K., Chakraborty S. Thermo-physical properties of Cu-

Zn-Al LDH nanofluid and its application in spray cooling. 

Appl. Therm. Eng. 2018. V. 141. P. 339-351. DOI: 

10.1016/j.applthermaleng.2018.05.114. 

30. Padgurskas J., Rukuiza R., Prosycevas I., Kreivaitis R. 

Tribological properties of additives of Fe, Cu and Co na-

noparticles. Tribol. Int. 2013. V. 60. P. 224-232. DOI: 

10.1016/j.triboint.2012.10.024. 

31. Wang K., Wu H., Wang H., Liu Y. Superior extreme pressure 

properties of different layer LDH nanoplatelets used as boundary 

lubricants. Appl. Surface Sci. 2020. V. 530. P. 147203. DOI: 

10.1016/j.apsusc.2020.147203. 

32. Русин Н., Скоренцев А. Особенности формирования 

поверхности трения при фрикционном контакте Al и Fe. 

Сб. науч. тр. IV Междун. науч.-техн. конф. молод. уч., 

асп. и студ. “Высокие технологии в современной науке и 

технике”. Томск: Изд-во ТПУ. 2015. С. 67-71. 

24. Bai P., Li S., Tao D., Jia W., Meng Y., Tian Y. Tribological 

properties of liquid-metal galinstan as novel additive in lith-

ium grease. Tribol. Int. 2018. V. 128. P. 181-189. DOI: 

10.1016/j.triboint.2018.07.036. 

25. Bukhtiyarova M. A review on effect of synthesis conditions on 

the formation of layered double hydroxides. J. Solid State Chem. 

2018. V. 269. P. 494-506. DOI: 10.1016/j.jssc.2018.10.018. 

26. Li S., Qin H., Zuo R., Bai Z. Friction properties of La-doped 

Mg/Al layered double hydroxide and intercalated product as 

lubricant additives. Tribol. Intt. 2015. V. 91. P. 60-66. DOI: 

10.1016/j.triboint.2015.06.012. 

27. Yu H.L., Xu Y., Shi P.J., Wang H.M., Zhao Y., Xu B.S., Bai 

Z.M. Tribological behaviors of surface-coated serpentine ul-

trafine powders as lubricant additive. Tribol. Int. 2010. V. 43. 

P. 667–675. DOI: 10.1016/j.triboint.2009.10.006. 

28. Glushchenko A., Zamal'dinov M., Salahutdinov I. Vliyanie an-

tifrikcionnyh prisadok v masle na temperaturu v tribouzle. Vestn. 

Ul'yanov. Gos. Sel'skokhoz. Akad. 2015. V. 30. N 2. P. 157-161 (in 

Russian). DOI: 10.1828/1816-4501-2015-2-157-161. 

29. Chakraborty S., Sarkar I., Ashok A., Sengupta I., Pal 

S.K., Chakraborty S. Thermo-physical properties of Cu-

Zn-Al LDH nanofluid and its application in spray cooling. 

Appl. Therm. Eng. 2018. V. 141. P. 339-351. DOI: 

10.1016/j.applthermaleng.2018.05.114. 

30. Padgurskas J., Rukuiza R., Prosycevas I., Kreivaitis R. 

Tribological properties of additives of Fe, Cu and Co na-

noparticles. Tribol. Int. 2013. V. 60. P. 224-232. DOI: 

10.1016/j.triboint.2012.10.024. 

31. Wang K., Wu H., Wang H., Liu Y. Superior extreme pressure 

properties of different layer LDH nanoplatelets used as boundary 

lubricants. Appl. Surface Sci. 2020. V. 530. P. 147203. DOI: 

10.1016/j.apsusc.2020.147203. 

32. Rusin N., Skorencev A. Skorencev Osobennosti formiro-

vaniya poverhnosti treniya pri frikcionnom kontakte Al i Fe. 

Sb. nauch. tr. IV Mezhdun. nauch.-tekhn. konf. molod. uch., 

asp. i stud. “Vysokie tekhnologii v sovremennoj nauke i 

tekhnike”. Tomsk: Izd-vo TPU. 2015. P. 67-71 (in Russian). 

 
 

Поступила в редакцию 18.01.2021 

Принята к опубликованию 30.04.2021 

 

Received 18.01.2021 

Accepted 30.04.2021 


