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B oannoint pabome o0vinu cunmesuposanvl nNOPOWIKU KapOoOHamuwvlx (popm croucmvix
0esoiinvix cuopokcuooe (CAI), cooepicauiue paznuunvile 080iHble U MPOIIHbIE KOMOUHAUUU COEOU-
nenunt Zn, Cu, Cr u Al, é3amoix ¢ coomnowmenuax Zn:Al=2:1, Zn:Cr=2:1, Cu:Zn:Al=1:1:1 u
Cu:Cr=3:1, nozeonarwuwux noayuums xumuiecku cmadunvhoie npooykmel. Ilonyuennsie nopouwiku
ObLIU UCCNIE008AHBI MEMOOAMU PEHM2EHO0B8CK020 (ha306020 ananUu3a u, NOcie 8bICOKOIHEpzZemuye-
CK020 NOMOJ1a, UCROJIb308AHbL 6 KAUecHae 000a8okK (3 macc. %) 014 npuzomoeieHuUs cCMa3ouHbIX KOM-
RO3UYUIL HA OCHOGE YHUBEPCATbHO20 0a306020 macha H-20A. Tpuboxumuueckoe nogedenue nosy-
YEHHBIX CMA30YHBIX KOMROZUYUIL ObLII0 U3YUEHO C UCNOIb306aHuem mautunvl mpenus. Heenedosa-
J10Cb UIMEHEHUe XUMUUECKO20 COCMAaed Mpyujuxca HO6ePXHOCHeEll CMAlu, 6eudUHd U3HOCA U
HAZPY3Ka C6apueaHus, a makxyce KUHEMUKa UIMEeHeHUA KoIhuyuenma mpenua u memnepamypol
CMa3zounoil Komnozuyuu 6 npoyecce mpenus. Ilokazano, umo 006aeKu ecex U008 UCc1e008aAHHBIX
CTIOUCHBIX 0BOHHBIX ZUOPOKCUO08 CYULECIEEHHO YIYUUIAIOM 8€Ch KOMNIEKC MPUDOI02ULeCKUX Xa-
PAKmepucmuK MooenbHoll CMa3oyuHoll KOMRO3UYUU, OKA3bI8AA KOMNIEKCHOe 6IUAHUE HA ee aHMmU-
¢pukyuonnsle, npomusousHoCHble U NPOMUBO3A0UPHbLe ceolicmeaa. Ilpu 3mom, 6xknao 6 yeenuuenue
KOHKDEemHbIX MPUOdON02ZHYECKUX XAPAKMEPUCMUK ORPEOeIAeMCA XUMUUECKUM COCABOM YACHUY
coucmuix 060UHBIX 2UOpoKcudos. Ilpucymcmeue Zn 6 nHaubdonvuieil cmeneHu cnocoocmeyem
yMmeHbvuienuio Koyhguuuenma mpenus, Cu ygearuuueaem npomueoU3HOCHble C80IICHEA NOGEPXHO-
cmu, a Al ob6ecneuusaem ysenuuenue Hazpy3Ku CeAPUBAHU MPYWUXCA HoGepxXHocmell cmanu. 06-
CyHCOaemcs MeXanu3m mpuboXumuuecKux npoyeccos, NPOMeKarouux 6 UcCci1e006aHHbIX CUCHEMAX.
Ilokazano, umo docmuzaemulii Iphekm obecneuusaemcs HaAHOPAIMEPHLIM XAPAKMEPOM YACMUY,
CIOUCMBIX OGOUIHBIX ZUOPOKCUO08, A MAKHCE 603MONCHOCHILIO UX 6CIPAUBCARUA 8 0eheKmbl nogepx-
HOCIU CIaNU U XUMUUECKO20 83AUMOOCIICIEUA C €€ NOBEPXHOCHIHBIMU CI0AMU.
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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 patrticles, as
well as possibility of their incorporation into the steel surface micro-cracks and chemical interac-

tion with the steel surface layers.
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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] (LDHSs) 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(I1)..M(IH)x(OH)]*TA™wnyH20]¥,
where M(I1) and M(I11) are divalent and trivalent metal
cations, respectively, and A™ is an n-valence anion.
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These compounds have a layered crystalline structure
similar to MoS;, with wide variations depending a na-
ture of cations and M(I1) / M(111) 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(I1) and M(111) 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-CO; 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-NQO;3 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 1% positively
influences antiwear behavior as well as the 2™ 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(NQOgz)2-6H.0 (chemi-
cally pure grade) GOST 5106-77, AI(NO3)s-9H,0 (an-
alytical grade) GOST 3757-75, Cr(NO3);-9H,0 (ana-
lytical grade) GOST 4471-78, Cu(NOs),-3H,0 (ana-
Iytical grade) TU 2622-003-62931140-2015, KOH
(chem. h.) GOST 24363-80, K.CO3; GOST 10690-73.

The LDH powders were synthesized by the
standard coprecipitation method maintaining a con-
stant pH value (pH = 10) [22]. The following Me?* and
Me®*"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 K»COs were mixed in a molar ratio of 6:1 and
added to the 1M mixed solutions of the corresponding
nitrates of the Me?* and Me** metals. The addition of
mixed KOH and K,COj3aqueous 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.
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The phase composition of the obtained prod-
ucts was determined using an ARLX'TRA diffractom-
eter (CuKa source A = 0.15439 nm) in the 20 angle
range from 5 to 600.The size of particles in the pow-

ders was estimated using the formula of Scherrer:
L = 0.891
c

N Boos'c0sb06’
Where L. is a length of t crystals, A is a wavelength of

X-rays, Poos IS the width of the reflection at half of max-
imum, obtained by reflection from the plane (006);
0 = 23.48% is an angle of the reflection for the corre-
sponding plane.

The synthesized LDH powders were dispersed
in the basic industrial oil of the 1-20A 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 GCrl15 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
Puc. 1. Cxema Mariiabl TpeHust. 1 - posuk, 2 - 06oiima, 3 - cMaska

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.

o

Intensity (arb. units)

5 10 15 20 25 30 35 40 45 50 55 60
20 (degree)

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); a: LDH; B: CuO
Puc. 2. Pearrenorpammel nopomkos C/II" pa3nuaHOro Xummde-
ckoro coctasa. (1): CAI'(Zn/Cr); (2): CAT(Cu/Cr); (3):
CAI'(Cu/Zn/Al); (4): CAT (Zn/Al); a: CAT; B: 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
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composition of LDH’s powder (Table 1). The greatest
reduction in friction (37%) was achieved with the Cu
free admixture of the Zn/Cr-COs; LDH system. Copper
containing LDH’s (Cu/Zn/Al-COz and Cu/Cr-CO3) re-
duced the friction coefficient by 26 and 23%, respec-
tively, while the system of Zn/Al-COs 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
Taonuya 1. Cpeanuii pasmep kpucrauiuros CAI pas-
JJUYHOTI0 XUMHYECKOro cocraBa

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

0,07

0,06

0,05

0,04

friction coefficient

0,01+ T T T T T T
0 5 10 15 20 25 30

Time (min)

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
Puc. 3. KuneTnueckue 3aBUCUMOCTH KOG dHIEHTa TPESHUS IS
HCCIIeTyeMbIX CMa30YHbIX KOMIO3HUIIMIT HA OCHOBE Pa3NUYHBIX
CATI mpu Harpy3ke 360 H. Cucremarnyeckasi orpenHocTsb u3-
MepeHus1 3HadeHus1 kodddunnenta Tpenus cocrasisier + 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-COs; 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/zZn/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,

A.R. Tsiganov et al.

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].

100
95
90
85
80
75
70
65
60
55
50
45] [/%
40 |
35
30

Temperature (OC)

0 5 10 'll5 20 25 30
Time(min)

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)

Puc. 4. I3meHeHue Temrieparypbl CMa304HbIX KOMITO3UIIUI Ha OC-
HoBe pazmuuHbIX CII npu Harpyske 360 H. Cucremaruueckas mo-
TPEeIIHOCTh M3Mepenwst Temmeparypsi coctapisiet £ 1 ° C. (1 - 6azo-
Boe Macno; 2 - CAT'(Zn / Al); 3 - CAI(Cu/ Cr); 4 - CAI(Cu/ Zn / Al);

5-CAI'(Zn/ Cr)

Table 2

Influence of the nature of lubricating additive on tribology properties of the investigated LDH’s based lubricating
compositions
Tabnuya 2. Bnusinue npupoabl CMa304HbIX 100aBOK HA TPMOOJI0TrHYEeCKHEe CBOMCTBA MCC/IeyeMbIX CMa304HbIX
KOMMo3uIuii Ha ocHoBe CAI’

.. Change of the friction| Change of the lubricating com- . Wear scar area,
Additivetype cgefficient. % pgsition temperatureg% Welding load, N mm?
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/zZn/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

ChemChemTech. 2021. V. 64.N 7

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.
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80

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.
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