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Abstract

The efficiency of plastic oil is determined by the duration of its retention on the surface. Evaluation of the
effectiveness of plastic lubricants depends on their mechanical properties. It is proposed to use the dependence of
hardness on time when pressing a spherical indenter as one of the basic characteristics of the mechanical
properties of plastic oils. The method of determining the function of oil hardness is based on the mechanics of
contact interaction of a solid ball and a plane presented in this work, which has the property of creep according
to the flow theory. One of the main methods of testing the deformation properties of plastic lubricants is to
determine the number of penetrations. The number of oil penetrations is determined by the depth of indentation
of the indenter; more informative for such a process is the ultimate pressure (hardness), which actually reflects
the phenomenon of resistance to indenter indentation in the material. For uniform distribution of pressure under a
spherical indenter the technique of construction of function of dynamic hardness of plastic materials is defined
and on the basis of tests results of construction of dynamic hardness are received. Tests on contact creep of
plastic lubricants are carried out, functions of dynamic hardness are received and the analysis of influence of
character of change of dynamic hardness on wear processes in the presence of lubricants is carried out. To
analyze the influence of deformation properties on the tribological properties of lubricants, comparative tests of
the two above-mentioned types of lubricants on a four-ball friction device were performed. It was found that
Litol-24 oil has the best wear resistance. The nonlinear period of running-in for this oil is practically absent that,
obviously, under the given conditions of tests is connected with more stable in time deformation properties.
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Introduction

Plastic lubricants in the range of lubricants are the most common. Greases are thick oily products, which
include: oil, thickener, solid carbon and various additives. A distinctive feature of plastic lubricants is that they
are able, depending on working conditions, to have the properties of both solid and liquid substances. Under the
action of small loads, lubricants behave like a solid body, can be held on vertical and inclined surfaces. The
efficiency of plastic oil is determined by the duration of its retention on the surface. Evaluation of the
effectiveness of plastic lubricants depends on their mechanical properties. Among the characteristics of
mechanical properties, one of the most important is the shear strength of the oil. After the destruction of the
frame, the oil begins to deform and flow like a liquid. Resistance to the flow of grease is characterized by
viscosity. Typically, viscosity is determined at a single fixed strain rate. In the materials science of solids, the
value of hardness is accepted as one of the mechanical characteristics. Hardness is the value of the average
pressure under the indenter, which stabilizes the plastic deformation. In the mechanics of lubricants, the number
of penetrations is analogous to the hardness of the lubricant. The number of penetrations is determined by
pressing the cone into the flat surface of the grease and is measured in tenths of a millimeter for 5 seconds. With
the help of the penetration number it is possible to estimate the effect of oil deformation at different
temperatures. The disadvantage is that the number of penetrations is determined at one time point in the process
that develops over time. At other time points of the penetration process, data on the hardness of lubricants can be
obtained as opposed to those obtained at a holding time of 5 s. Also, the number of penetration of oil is
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determined by the depth of indentation of the cone. For metals, hardness is defined as the ultimate pressure,
which actually reflects the phenomenon of resistance to indenter indentation in the material.

Therefore, it is proposed to use the dependence of hardness on time when pressing the spherical indenter
as one of the basic characteristics of the mechanical properties of plastic lubricants.

The method of determining the function of oil hardness is based on the mechanics of contact interaction
of a solid ball and a plane presented in this work, which has the property of creep according to the flow theory.

Literatuter review

The study of the tribological properties of greases in world science is given quite a lot of attention. Based
on modern methods of experimental and theoretical research, new highly effective lubricants are synthesized.
The behavior and properties of lubricants are modeled under various operating conditions, under heavy loads,
high heat, extreme speeds.

In paper [1] three kinds of new conductive lubricating greases were prepared using lithium ionic liquids
as the base oil and the polytetrafluoroethylene as the thickener. The conductivities and contact resistances of the
prepared lubricating greases were investigated using the conductivity meter and the reciprocating ball-on-disk
sliding tester. The results suggest that the prepared lubricating greases have high conductivities and excellent
tribological properties. The high conductivities are attributed to ion diffusion or migration of the lithium ionic
liquids with an external electric field, and the excellent tribological properties depend on the formation of
boundary protective films.

The study [2] investigates grease film evolution with glass disc revolutions in rolling elastohydrodynamic
lubrication (EHL) contacts. The evolution patterns of the grease films were highly related to the speed ranges
and grease structures. The transference of thickener lumps, film thickness decay induced by starvation, and
residual layer were recognized. The formation of an equilibrium film determined by the balance of lubricant loss
and replenishment was analyzed. The primary mechanisms that dominate grease film formation in different
lubricated contacts were clarified.

In [3] the grease film distribution under a pure rolling reciprocating motion is observed on a ball-disk test
rig. It is found that the reciprocating motion reduces the accumulation of the thickener fiber gradually with time.
The maximum film thickness forms around the stroke ends. The life of grease lubrication under a transient
condition is far below that under steady-state conditions. When increasing the maximum entraining speed of the
reciprocating motion to a certain value, during which the thickener fiber is not expected to accumulate under a
steady-state condition.

In paper [4] the technique of relative optical interference intensity and simple numerical calculations were
used to investigate the lubricating behavior of grease lubricant films. Experimental results indicate that at a same
entrainment velocity of the inlet, the central film thickness under deceleration is larger than that under
acceleration. The numerical method can also be used to explain the behavior of the grease lubricating film under
non-steady state conditions.

Thermal-induced changes in the viscous and viscoelastic responses of lubricating greases have been
investigated sn [5]. Small-amplitude oscillatory shear and viscous flow measurements were carried out on a
model conventional lithium lubricating grease. Two different regions, below and above this critical temperature,
in the plateau modulus versus temperature plot have been detected. From this thermal dependence, a much larger
thermal susceptibility of the lubricating grease is apparent. The thermo-mechanical reversibility of this material
has been studied by applying different combined stress—temperature protocols. The experimental results obtained
have been explained on the basis of the thermo-mechanical degradation of the lubricating grease microstructure.

In [6] a methodology for continuous monitoring of grease degradation subjected to mechanical shearing is
proposed. It is hypothesized that the mechanical degradation of grease is akin to the running-in process in a
tribo-pair with both transient and steady-state regimes. From the results, a more effective method using the
entropy generation rate is proposed for continuous monitoring of grease degradation. The proposed method is
extended to estimate the time for a grease subjected to mechanical shearing to degrade to a lower grade. The
efficacy of this method is demonstrated via long duration testing in a custom-built ball-bearing test apparatus.

The tribological properties of a lithium calcium complex grease based on calcium sulfonate complex and
lithium complex greases are investigated in [7]. The tribological properties of the latter greases are compared
using an Optimol SRV reciprocating friction and wear tester. The morphologies of the worn surfaces are traced
by a scanning electron microscope (SEM) and the chemical states of several typical elements on the worn
surfaces are examined by x-ray photoelectron spectroscopy (XPS). The results indicate that the new grease has a
low friction coefficient and good wear-resisting ability.

The dependence of the colloidal stability, effective viscosity, penetration, and yield stress of low-
temperature polymeric greases on the composition and characteristics of the dispersion medium was investigated
in paper [8]. Various types of low-viscosity oil with known fractional and group composition were used as base
oils. The effect of the concentration of the two-component thickener of high- or low-molecular polypropylene
and the proportions of its components on the main physicochemical characteristics of the polymer greases was
determined. The dependence of the structure and properties of the polymer greases on the concentration of
lithium stearate was established.
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Also, the scientific works of the authors [9-12] are devoted to various aspects of the use of greases in
technical applications. At the same time, the analysis of studies has shown that little attention has been paid to
the study of the deformation properties of greases under various conditions of tribological contact.

Contact mechanics of the process of interaction between the sphere and the viscoplastic lubricant

The direct formulation of the problem of the interaction of a solid ball of radius with a plane in a state of
creep includes three relations (Fig. 1):

a a
r

Fig.1. The scheme of contact of a ball and a viscoplastic plane

1) the model of constant creep of the lubricant material has the form:

c°; (1)

a’(t)-r?
t)=—-"—"—;
U (t)=—>2 0
3) equilibrium condition in contact:
Q=2nj-cs(t,r)rdr, 3)
0

where G(t, r) is the time-dependent contact pressure distribution t;

a(t) is the radius of the circular area of contact;
I is the radial coordinate.

Differentiating condition (2) and equating (1) we have:

1

1 ada\™

t)=| =222 1|7,
G() [kc R dt] @)

it is obvious that the pressure is evenly distributed over the contact area.
Substituting this expression in condition (3), we obtain:

1
¢ 1 ada)™

C

After integration we obtain a differential equation with respect to the function a(t):

(9} c =™ i% (6)
T k.R dt
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Solving this equation, we have:

Nat a(t=0)=0:

1

a(t) = {(ch +2) ch(gjmc trﬂ : )

T

2)at a(t=0)=a,:

1

me 2m,+2
a(t) = (2mc+2)(ch(9j t+a§”’°*2j : ®)

T

With a uniform distribution of contact pressures we have:

o(t)=0o,(t)= . 9
=0 ()= ©
The maximum displacement from creep is obtained at r =0 :
a’(t)
u,(t)= . 10
ol == (10)

Example of calculating the size of the contact area when pressing the spherical indenter depending on (7).

Initial data:

1. Parameters of contact creep: m, =1,82 ; k., = 0,302 MITa™.

2. Spherical indenter radius R = 6,35 mm.

3. Indenter weight Q =1,9N.

Below are the results of the calculation obtained using the program MathCad.

t, min 2 3 7 17 37 67

a(t), mm | 147 [ 158 | 1,83 | 2,14 | 246 | 2,73

Now suppose that the dependence of the radius of the contact a(t) site on time is known from the

experiment. It is necessary, using the solution of the direct problem, to determine the parameters kc, m, of the

model of constant creep.
Consider the case of the initial zero contact site and present the experimental data in the form of a power
approximation function:

a(t) =ct™. (11)

Substituting (11) into (7), we obtain:

amamen am a2
Y
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From the condition that this equation is executable for any values of the argument T follows:

A 13

C ZBC

For the second parameter from (12):

(14)

The obtained results can be used to describe the contact creep of solid balls covered with thin deformed
layers of lubricant, which is promising in creating tribomechanics of thin lubricating layers.

VY BUNaJKy HEHYJIHOBOI MOYATKOBOI IJIOIIAAKNA KOHTAaKTy () HEOOXiTHO BHU3HAYATH MapameTpu MOAei

MIOB3YYOCTI IIPY 3aJaHill eKCIiepUMEHTaNbHIH (QyHKIIT:
In the case of a nonzero initial contact site (8, # 0), it is necessary to determine the parameters of the

creep model K., m, given a experimental function:
a(t)=a,+af(t). (15)

The solution of the problem is performed provided that the values of the two experimental points are
known:

(a, t)i(a t) (16)

ata, <a <a,; 0<t <t,.
The solution of the direct problem (7) for two points is presented in the form:

al2mc+2 _aéchrz — (ch + 2)ch(9J C t1’

T
o (17)
a;™ " —a)™"? =(2m, +2) ch(—j t,.
T
Taking the ratio of equations, we obtain:
2m.+2
o =1t
=—=, (18)
(X;chrz -1 ,
a
where o, = & ;oo = —Z _This nonlinear equation can be solved numerically.

8y

Le HemniHilHE PIBHAHHS MOXHA PO3B A3aTH YNCEIBHUM METOIOM
Method for determination and research of dynamic hardness of plastic materials

The procedure for determining the parameters of the creep function of the oil at zero contact area is as
follows.
The initial parameters of the process of pressing the ball into the surface of the grease are selected:

R is the ball radius; Q is the load to ball.
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The ball is pressed into the surface of the oil with the measurement of the maximum depth of pressing

Using formula (10), determine the radius of the area of contact of the ball with the surface of the oil:

1
a(t)=[ 2Ru, (1) . (19)
The experimental dependence of the radius of the contact site on time is represented as a power function:

a(t)=ct™. (20)
Approximation parameters C., B3, are determined by the method of least squares.

Parameters M, , K. models (1) of oil creep are determined by formulas (13) and (14).

The procedure for determining the parameters of the dynamic hardness of the oil is as follows.

The hardness of the oil H, or the average pressure on the ball on the oil side is determined by the
relationship of type (9):

. Q
H(t)=—r5 Ok (21)

If the value of the radius of the contact site is known from the experiment, the hardness is determined
immediately by formula (21).

If parameters are known for oil m_, K. model of contact creep, the function of dynamic hardness is
determined by substitution (7) in (21) at the initial zero contact area:

H.(t)= < —. (22)

QY ™
Tc|:(2mc+2)ch(ch t}

If it is necessary to compare the hardness of lubricants, functions are built H (t) .

When the non-zero contact area is set by the initial data R, Q and d(. Conduct tests and obtain data
for the function:

a(t)=a,+a (t).

Two points are chosen for the function:

(2, t)i(a t)

and write for them equation (18) in the form:

= Elz , (23)

ne X=2m, +2;

Ez :t1/t2 :
Numerically solve equations (23). The dynamic hardness of the oil is determined from the expression
(22).

Investigation of dynamic hardness of plastic materials and its connection with wear

To implement the method of determining the parameters of contact creep of plastic materials, studies of
bitumen and plasticine were performed by pressing a spherical steel indenter with a diameter of 12.7 mm and a
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weight of 190 g. The results of research and calculations of the parameters of the contact creep model are given
in table. 4.1 with graphical interpretation in Fig. 2.

Fig. 2. The results of studies on contact creep

Table 1
Test results for contact creep and determination of dynamic hardness of plastic materials

- ) P Parameters g
=| E Depth The size of the arameters models 9w S
E_) — indentation, contact area apprOleathﬂS contact creep é g

@ S Q9
S| E u,, mm a,, mm £3

— B E

C. . c m, k.

1 0,11 1,18 "
L2 0,18 15 i
£l 3 0,23 1,7 g
% 7 0,29 1,9 1,297 0,177 1,82 0,302 2
] 0,36 2,14 W

37 0,47 2,44 T

67 0,55 2,64

1 0,4 2,22 i
S| 2 0,7 2,89 §
g 7 1,15 3,64 2,403 1,803 1,77 8,943 o8
S| 27 17 4,32 "

47 2,02 4,64 L

° = —

4
E 3 I ___a
e * ¢
< 2

1

0

0 20 40 60
t, min
—&—Dplasticine  ==E==Dbitumen

Results of tests of deformation properties of plastic oils by means of a ball with radius R= 15 mm are
given in tab. 4 with graphical interpretation in Fig. 3.

Test results of deformation properties of plastic lubricants

t Ball, d =30 mm, m =150g
J Litol-24 Solidol C
min
a, mm Aa, mm a, mm Aa, mm

0,08 12,75 0 9,86 0
0,6 12,99 0,24 10,09 0,23
2,6 13,15 0,4 10,30 0,44
7,6 13,36 0,61 10,51 0,65
17,6 13,64 0,89 10,71 0,85
47,6 13,89 1,14 10,9 1,04
107,6 14,07 1,32 10,99 1,13
227,6 14,2 1,45 11,09 1,23
407,6 14,44 1,69 11,18 1,32

Table 2
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Fig. 3. The results of pressing the ball into the oil

The dependence (15) can be used to describe the process of pressing a cone and a ball with a non-zero
initial contact pad.

As a result of processing the experimental data, the dependences for the contact site and the dynamic
hardness when pressing the ball indenter into the surface of the plastic oil were obtained (Table 3).

Table 3
The results of determining the dynamic hardness for lubricants
Type of indentor Solidol C Litol —24
Steel ball, R =15 mm a(t) =9,86+0,334t"%¢ | a(t) =12,75+0,315t"%*
Dynamic hardness, MPA H, (t) =Q/ma?(t) = 0,48/ a(t)

According to the obtained results, graphical dependences of hardness for two types of investigated
plastic lubricants are constructed, shown in fig. 4.

H: <10 Pa

4.0 L

.y
[72]
§ \
"g 3.0
< R
.2
g 25
a1
=
E \\K

2.0 [——t— +

1.5 !

0 40 80 120 160 f, min
Deformation time
*-Litol -24 ® - Solidol-C

Fig. 4. Dynamic hardness of lubricants during deformation

Analysis of the obtained graphs shows that Litol - 24 oil has a lower dynamic hardness, but is
characterized by more stable indicators over time. With a durability of almost 3 hours, the hardness of Solidol -
24 decreased by 40%, while Litol-24 decreased by only 20%, which indicates better stability of the load-bearing
capacity of Litol -24 over time. The obtained dependences for the characteristic of dynamic hardness allow to
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analyze the processes of deformation of lubricating layers of different lubricants under the action of applied
loads.

To analyze the influence of deformation properties on the tribological properties of lubricants,
comparative tests of the two above-mentioned types of lubricants on a four-ball friction device were performed.
(V =0.45 m/s; N =350 N). As a result, the dependences of wear on the test time are obtained (Fig. 5).

0,3

0,25
0,2 A

E 015 —
5 01

0,05 /'

0

0 20 40 60 80 et Solidol C

t, min =B |_jto| 24

Fig. 5. Results of tribological tests of lubricants

It was found that Litol-24 oil has the best wear resistance. The nonlinear period of running-in for this oil
is practically absent that, obviously, under the given conditions of tests is connected with more stable in time
deformation properties.

Conclusions

1. One of the main methods of testing the deformation properties of plastic lubricants is to determine the
number of penetrations. The essence of this method is to measure the depth of indentation of the conical indenter
in the surface of the lubricant sample. The main disadvantages of this method are the following:

- the number of penetration is determined at one time point of the indenter indentation process, when
measurements at other time points will be obtained data on the deformation of lubricants opposite to those
obtained at a holding time of 5 s;

- the number of penetration of oil is determined by the depth of indentation of the indenter; more
informative for such a process is the ultimate pressure, which actually reflects the phenomenon of resistance to
indenter indentation in the material.

2. A more informative characteristic of the deformation properties of plastic materials is proposed - a
function of dynamic hardness, which shows the dependence of the pressure of resistance to indenter indentation
on the time of deformation.

3. To establish the analytical dependence for dynamic hardness, the mechanics of contact interaction of a
rigid indenter in the form of a ball with plastic lubricant, which has the property of creep, is considered. Solved
direct and inverse problems and recommendations for their use.

4. For uniform distribution of pressure under a spherical indenter the technique of construction of
function of dynamic hardness of plastic materials is defined and on the basis of tests results of construction of
dynamic hardness are received.

5. Tests on contact creep of plastic lubricants are carried out, functions of dynamic hardness are received
and the analysis of influence of character of change of dynamic hardness on wear processes in the presence of
lubricants is carried out.

6. The offered characteristic of dynamic hardness and a method of its definition allows to estimate and
compare deformation and tribological properties of various plastic materials at certification control, operation
and creation of new types of oils..
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Muxa O.B., Crapumii A.Jl., [duruawk B.O., Jnxa M.O. BusHaueHHs JWHAMIYHOI TBEPAOCTI
KOHCHCTCHTHUX MAaCTHII K XapaKTCPUCTUKHU JAeHOpMAIlifHAX BIACTUBOCTEH Y TPHOOKOHTAKTI

EdekTuBHicTS pOOOTH INIACTUYHOIO MAacTHiIa BU3HAYAETHCS TPUBAIICTIO 11 30€pe)KeHHs Ha IOBEPXH.
OuiHIOBaHHS e€(pEKTUBHOCTI IIACTUYHUX MACTWJI 3aJIe)KUTh BiJ IXHIX MEeXaHIUHUX BiacTuBocTel. [IponoHyeThes
SK OIHY 3 0a30BHX XapaKTEPUCTHK MEXaHIYHUX BIACTHBOCTEH ITACTHYHHX MACTHJI 3aCTOCOBYBATH 3aJICXKHICTh
TBEPJIOCTI Bi Yacy IpPH BTHCHEHHI CEpHUIHOro iHAeHTOpa. Meron BU3HAa4YeHHA (YHKIIi TBEpAOCTI MacTHia
IPYHTYETHCS Ha TPEICTaBIEHIH B Wi poOOTi MeXaHili KOHTAKTHOI B3a€EMO/IIi TBEPAOI KyJIbKH Ta IUIONINHH, IO
Ma€ BIACTHBICTH TOB3YYOCTi 3a Teopiero Tewii. OZHMM 3 OCHOBHHX METOIIB BHIIPOOYBaHB AedopMariiitHux
BJIACTUBOCTEH INIACTHYHMX MACTHJIFHUX MaTepiayliB € BHU3HAUYCHHS dYWCia meHerpamii. Ymciao meHerparii
MacTHJIa BH3HAYAETHCS TIMOWHOIO BIABIIOBAHHA 1HICHTOpA; ORI iHQOPMATHBHUM Ui TaKOTO IIPOLECY €
TPaHWYHUI THCK (TBEPHICTB), SIKMH peajbHO BijoOpakae SBHIIE ONOPY BAABIIOBaHHS IHJICHTOpAa B Marepial.
Jlnst piBHOMIpPHOTO PO3MOJIUTY THUCKY M COEPUYHHMM iHAESHTOPOM BHU3HAYCHA METOIUKa MOOymoBH (yHKLIT
JMHAMIYHOT TBEPJIOCTI IUIACTUYHMX MaTepialiB i Ha OCHOBI BHIPOOYBaHb OTHUMaHi pPE3yJbTaTH MOOYIOBU
JuHaMivHOI TBepaocti. [IpoBeseHi BUNpOOYBaHHS Ha KOHTAKTHY MOB3YYICTh IUIACTUYHHX MAacCTWII, OTPUMaHi
¢yHKIil AMHAMIiYHOI TBEPIOCTI 1 NMPOBEJEHHWH aHaji3 BIUIMBY XapakTepy 3MiHM JAWHAaMIi4HOI TBEPJOCTiI Ha
NpOLECH 3HOLIYBAaHHA B INPUCYTHOCTI MACTHIbHUX MatepiaiiB. [l anamizy BmmmBy aedopmauiitHux
BJIACTUBOCTEH Ha TPHOOIJIOTIYHI BIACTHBOCTI MAacTWil OyiaM TpPOBEISHI NOPIBHUIBHI BHUOPOOYBaHHSA IBOX
BKa3aHUX BHILE THITIB MAaCTHJI Ha YOTHPHUKYJIBKOBOMY Ipuiiazi TepTs. BeranoBieHo, mo Mactiio Jluton-24 mae
Kpallli 3HOCOCTIHKI OKa3HUKH. HenmiHiiHuiA epio1 MPHUIIPamoBaHHs Ul FOTO MACTHIIA PaKTUYHO BiJICYTHIH,
10, OYEBHIHO, 32 JAHWX YMOB BHIPOOYBaHb IIOB sA3aHO 3 OiIBII CTaGIIBHUMH B Yaci JeopMariiHIMu
BJIACTHBOCTSIMHU.

KirouboBi cJIoBa: KOHCHCTCHTHE MAaCTHIIO, MOB3YYiCTh, YHCJIO ICHETpaIlii, AWHAMIYHA TBEPIICTh,
BUIIPOOYBaHHS, 3HOIIYBaHHA



