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1. Introduction

A decrease in the operation resource of machinery caused
by wear is a serious problem. In technically advanced coun-
tries the cost of repair and maintenance of machinery makes

Universytetska str., 7, Mariupol, Ukraine, 87500

up 10...15 % (up to 25 %) on average of the cost of equipment
per year. For machines operating under particularly difficult
conditions, the cost of major repairs reaches 50 % of their price.

A larger part of machine parts (80..85 %) fail due to
intensive wear. At the same time, correct application of




tribological knowledge allows saving up to 1.6 % of GDP [1].
An analysis of promising research and developments over the
past 35 years proves an important role of the application of
tribological knowledge during repairing and restoration of
friction surfaces [2].

One of the tasks during repair of metal-cutting machine
tools and various equipment is to restore the guides of fric-
tion surfaces of frames, slides and casings. In recent years,
technologies of restoring carriage saddle guides of metal-cut-
ting machine tools that employ the use of two-component
composite materials have been increasingly applied [3, 4].
However, their use in repairing practice and in the practice
of subsequent operation requires studying of the characteris-
tics of this material, particularly when operating in a friction
couple with cast iron guides of a machine tool. It is required
to examine such parameters as a coefficient of sliding friction,
smoothness of motion, wear resistance and influence of mo-
dern lubricants on these parameters.

If the studies involving such known composite materials
as Moglice are not conducted, it is not possible to determine
the ranges of optimum performance for friction surfaces of
metal-cutting machine tools. Moreover, such studies are
required for the application of new composite materials that
have not been explored previously.

2. Literature review and problem statement

Composite materials are the multicomponent materials
consisting of a plastic base — a matrix and fillers [5].

A promising method for restoring damaged or worn sur-
faces of guides of carriage saddles of metal-cutting machine
tools is the use of polymeric material «Moglice». This mate-
rial on the epoxy-resin base with finely dispersed anti-friction
fillers was designed by the German company «Diamant» [4].

Such polymeric composites can be reinforced with fiber;
their tribological tests showed good results [5, 6]. Modern
composite materials have gained popularity even for re-
pairing damaged parts in aerospace structures [7].

Additives of various finely dispersed structures, which
are described in papers [8, 9], somewhat improve tribological
characteristics of composite polymers. However, these im-
provements are not determining in character.

A detailed scientific literature review of mechanical and
tribological behavior of polymeric composites based of natu-
ral fibers is presented in paper [10]. This paper also examines
the impact of such parameters as applied loading, velocity
and friction path on the characteristics of friction and wear
of polymeric composites.

Article [11] reports experimental estimation of friction
and wear properties of the composite material «Moglice»,
which allowed the manufacturer to recommend it for repair
of metal parts. This material was tribologically tested under
conditions of dry friction at reciprocating motion.

Tribological research into polymeric material «Moglice»,
performed in papers [4] and [12], has shown positive re-
sults and confirmed characteristics declared by the compa-
ny «Diamant»> (Germany) [13]. Article [14] explored the
issues of application of antifriction composite materials in
machine tool engineering.

For example, papers [15, 16] report results of research
into antifriction polymeric materials, including the mate-
rial «Moglice», when used as guides in metal-cutting ma-
chine tools.

However, the use of the polymeric material «Moglice» im-
plies significant financial expenditures because of its high cost.

It should be noted that there is a lack of new studies and
scientific publications at present related to the application
of composite polymeric materials for restoring damaged
friction surfaces. This is especially true for the research and
development of polymeric materials that are cheaper than
«Moglice».

3. The aim and objectives of the study

The aim of present research is to conduct comparative
studies of tribotechnical characteristics of the polymeric
material «Moglice» and the developed new polymeric com-
posite material DC-6. These studies are required to deter-
mine the range of optimal performance of friction surfaces of
metal-cutting machine tools after restoration.

To accomplish the set goal, the following tasks had to be
solved:

—to develop a procedure for controlling friction and
temperature coefficients using a tribometer, which excludes
misalignment of the sample and the counter sample;

— to estimate applicability of the Euler’s formula for the
calculation of friction coefficients when operating according
to the scheme «shaft — belt» and «shaft — insert»;

— to devise a technique for controlling the mode of fric-
tion and lubrication — fluid, semifluid or boundary.

4. Equipment and procedure of research

4.1. Comparative tests and verification of calcula-
tion formulae for the friction schemes «shaft — belt> and
«shaft — insert»

To implement the scheme «shaft — belt», we designed
the structure of a tribometer (Fig. 1), making it possible to
exclude preliminary macro-alignment, to control friction
torque, temperature in the friction zone and electric resis-
tance of a lubricating film [18]. The electronic unit of electric
drive control allows us to smoothly change friction velocity
from 1.25-1072 m/s to 3.14 m/s.

Fig. 1. Schematic of tribometer:
1 — sample; 2 — counter sample in the form of a steel belt;
3 — friction torque sensor; 4 — air dampers

We denoted in Fig. 1 the following: W is the force of
springs, opposing friction torque; Q is the force of tension
of the counter sample’s belt; o is the wrapping angle of the
sample by the belt; d is the diameter of the sample; A is the
arm of the carriage.



A general view of the tribometer is shown in Fig. 2.

Fig. 2. Tribometer:
1 — frame; 2 — rear center head; 3 — friction torque sensor;
4 — tribometer carriage; 5 — drive motor; 6 — leading
center head; 7 — current collector device

Applicability of the Euler’s formula for calculating coef-
ficients of friction when operating according to the scheme
«shaft — belt> and <«shaft — insert> required a validation.
For this purpose, we performed experimental comparison of
friction coefficients, calculated from the Euler’s formula and
from classic Amontons — Coulomb formula [16].

In one case, friction coefficients were calculated from the
formula derived from the Euler equation

[n(6.66-W+1]
P —

o

M

In another case, friction coefficients were calculated from
the Amontons-Coulomb formula
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where W is the power of return springs (reinforcement of
springs, opposing friction torque); Q is the belt tension
force; a is the wrapping angle of the sample by the belt;
Fis friction force between the sample and the counter sample;
N is intensification of sample loading; 6.66 is the magnitude
of transmission coefficient, taking into account the ratio of
half diameter of sample d and carriage arm A of the tribo-
meter (Fig. 1).

An analysis of the magnitudes of friction coefficients,
calculated based on experimental data [16], shows that the
formula derived from the Euler equation is true for both
schemes «shaft — belt» and «shaft — insert». For both friction
schemes, the magnitudes of friction coefficients f, calculated
from the Amontons-Coulomb formula for boundary lubri-
cation, are overrated by 2.05 and 1.86 times compared with
those indicated in the literature. For fluid lubrication, they
are overrated by 3.2 and 2.8 times, which makes it impossible
to apply the Amontons-Coulomb formula.

For the friction scheme «shaft — insert», the Euler’s for-
mula is applicable while the Amontons-Coulomb formula is
not. This is explained by the fact that the intensification of
load on the sleeve is created according to the same principle
as in the scheme «shaft —belt», that is, through the belt that

wraps the sleeve. The wrapping angles of sample o were
different, which was taken into account in the calculations.

However, friction coefficients, calculated from the
Euler’s formula for the case of friction by the scheme «shaft —
sleeves, are lower than those for friction by the scheme
«shaft — belt> by 8.3..16 %. Apparently, the reason for this
is incomplete triggering of the mechanism of additional belt
tension due to friction force because of the increased friction
in bending places of a steel tape.

4. 2. Control over friction mode and determining
sliding velocity

Friction between the carriage saddle and the frame
guides of the metal-cutting machine tool occurs in the mode
of boundary and semifluid lubrication. To conduct tribo-
technical research into composite materials, it is necessary
to identify regions of friction velocities characteristic of the
boundary and semifluid lubrication.

With a view to defining a friction mode typical of friction
between the carriage saddle and the guides of a metal-cutting
machine tool, the author examined conditions of occurrence
of different friction modes: boundary, semifluid and fluid.

Separation of friction modes into boundary, semifluid and
fluid lubrication in experimental studies is possible based
on the Guersey diagram or by the character of oscillograms,
obtained while measuring electrical resistivity of a lubri-
cating film.

The Guersey diagram shows dependence of friction coef-
ficient f on the Sommerfeld criterion, which includes viscosi-
ty of lubricating oil m, sliding velocity V and pressure p. This
diagram can be obtained by changing one of the parameters,
for example, sliding velocity V.

Determining friction mode by the character of oscillo-
grams is possible when controlling electrical resistivity of
a lubricant film. At boundary friction, there is a straight
line on the oscilloscope screen and at fluid friction, there is
a sinusoid. In transient modes from boundary to fluid fric-
tion, flickering sinusoids are observed. To control the friction
mode by the character of oscillorgams, the method that em-
ploys an electronic bridge scheme, was chosen [19].

Measurements of friction torque, sliding velocity, and
temperature were conducted by the technique, described
in [19]. Friction coefficients were calculated from the for-
mula (1) based on the Euler’s formula.

Results of research into friction modes at continuous
lubrication of samples are shown in Fig. 3, 4.

Dependence of friction coefficient f on sliding velocity V
has a characteristic form of the Guersey curve.
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Fig. 3. Dependence of friction coefficient 7(1)
and temperature change rate AT/At(2)
on sliding velocity V
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Fig. 4. Velocity ranges corresponding
to different friction modes:
1 — dependence of friction coefficient on sliding
velocity V; 2 — dependence of temperature change
rate AT/At on sliding velocity V

Thanks to measurements of temperature change rate
AT/At, it became possible to determine more precisely the
region of boundary friction. This is the range of small velo-
cities on the initial section of the Guersey curve, on which at
an increase in sliding velocity V, temperature increase rate
AT/At elevates (section A in Fig. 4).

Boundary lubrication in this velocity range (section A)
was proved by the character of oscillograms — a straight
slightly flickering line was visible on the oscilloscope screen.
At an increase in velocity V (Fig. 3), weak sinusoid spikes
appeared on the screen (Fig. 5, a).
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Fig. 5. Oscillograms of friction modes:
a — transient mode from boundary to semifluid lubrication;
b —transient mode from semifluid to fluid lubrication;
¢ — fluid lubrication

In section B (Fig. 4), a decrease in friction coefficient f
and temperature change rate AT/At is observed, which is
associated with the further rise in thickness of a lubricating
film. Flickering sinusoids are observed in oscillograms, which
proves the semifluid friction mode (Fig. 5, b).

With subsequent increase in sliding velocity V (section C),
thickness of a lubricating film increases even more. At friction
in range C, oscillograms have the form that is closer to the
fluid one. At these velocities, metal contact between friction
surfaces remains. This is evidenced by faint flickering lines
and blurred image of the sinusoid on the oscilloscope screen.

As aresult of determining of friction mode by the charac-
ter of oscillograms and due to measurements of temperature
change rate AT/At, it became possible to determine the re-

gion of boundary friction. This is the range of small velocities
in the initial section of the Guersey curve of up to 0.1 m/s,
at which at an increase in sliding velocity V, temperature
increase rate AT/At grows as well (section A in Fig. 4).
Boundary lubrication in this velocity range was proved by
the character of oscillograms — a straight slightly flickering
line was visible on the oscilloscope screen.

4. 3. Comparative experimental research into friction
of the polymer «Moglice» and DC-6

The objective of this research is to compare friction coef-
ficients of the polymeric material «Moglice» and polymeric
material «DC-6» at friction with cast iron.

The polymeric material «DC-6» is produced in Ukraine
and it is cheaper compared with the polymer «Moglice».

The process of friction between the cylindrical sample
of diameter d=30 mm and a cast iron sleeve — the counter
sample — was studied. The sleeve mounting scheme is shown
in Fig. 6. The temperature in the friction zone was measured
using a chromel-copel thermocouple of 0.2 mm in diame-
ter. Loading force of the sample N=490 N, sleeve wrapping
angle o=116°.

Fig. 6. Schematic of mounting of the cast iron sleeve:
1 — tribometer carriage; 2 — sleeve; 3- sample; 4 — steel belt;
5 — belt tension springs

Choice of friction velocity during conducting of the
experiment was performed, taking into account the need to
provide boundary friction.

The main objective of the research was to apply the
polymeric material «Moglice» and the developed polymer
composite material DC-6 to restore the damaged or worn
surfaces of the guides of the carriage saddle of metal-cutting
machine tools. That is why sliding velocity in the process of
research was consistent with average velocity of rapid mo-
tion of carriages and table of machines, which was equal to
3.4 m/min=0.056 m/s. The tests were conducted at rotation
rates of 10, 20, 30, 40, 50 rpm (Table 1).

Table 1

Friction velocities Vat the assigned rotation
frequencies of sample n

n, Tpm V, m/s
10 0.0157
20 0.0314
30 0.0471
40 0.0628
50 0.0785

All samples were made with diameter D=30 mm and
height H=40 mm. The samples with the polymeric coating
«Moglice» and polymeric material coating «DC-6» were
used for the experiments.



Cast iron sleeves, made with a gap of not larger than
10 um between the sample and the sleeve as an assembly,
served as counter samples.

5. Results of research into friction
of the polymers «Moglice» and DC-6

A cast iron counter sample — a sleeve and a sample from
the polymeric material «Moglice» were tested at rates of 10,
20, 30, 40, 50 rpm.

At various sliding velocities, the same sample with the
«Moglice» coating was used, as well as for DC-6. Cast iron
sleeves for research into friction of «Moglice» or DC-6
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were different, but they were the same at various sliding
velocities.

Test results are shown in Fig. 7, 8.

Test results for the cast iron counter sample — «sleeve»
and the sample from the polymeric material «DC-6» at rates
10, 20, 30, 40, 50 rpm are shown in Fig. 9, 10.

Average velocity of fast auxiliary motions of carriage
and tables of machine tools is equal to 0.056 m/s. This
corresponds to rotation frequency of the sample during
the studies in the range of 30..40 rpm (Table 1). A wider
range of rotation frequencies of the sample was selected
for a more complete picture of research results. Wear of
the saddle guides occurs both at auxiliary motions and at
working feeds.
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Fig. 7. Dependence of friction coefficient fon operation time 7 of friction
couple «cast iron — moglice»: a— 1— 10,2 — 20,3 — 30 rpm; 6— 4 — 40; 5 — 50 rpm
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Fig. 8. Temperature change tdepending on operation time 7 for friction
couple «cast iron — moglice»: a— 1—10,2— 20,3 — 30 rpm; 6— 4 — 40; 5 — 50 rpm
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Fig. 9. Dependence of friction coefficient f on operation time 7 of friction
couple «cast iron —DC-6»: a—1—10,2— 20,3 — 30 rpm; b— 4 — 40; 5 — 50 rpm
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Fig. 10. Temperature change t depending on operation time T for friction
couple «cast iron — DC-6»: a—1—10,2—20,3 —30rpm; b6— 4 — 40; 5—50 rpm

6. Discussion of results of comparative
experiments

Design of the applied tribometer allowed us to exclude
preliminary macro-alignment, control friction torque, tem-
perature in the friction zone and electrical resistance of
a lubricating film.

The friction scheme, which uses a flexible, self-adjusting
metal belt, solved the problem of misalignment of the counter
sample — an insert or a sleeve. In the known tribometer, mis-
alignment of the counter sample is inevitable, which leads to
the necessity of macro-alignment. This, in turn, increases the
time of the experiment, changes the gap in a friction couple,
and distorts results of the experiment. The macro-alignment,
when equilibrium roughness and new physical and mecha-
nical properties of the tension surface are established, is
inevitable in all cases.

Comparative tests of friction by the scheme <«shaft —
belt» and «shaft — insert» proved that for the friction scheme
«shaft — insert», Euler’s formula is applicable. Friction coef-
ficients, calculated from Euler’s formula, are lower than those
at friction by the scheme «shaft — belt» by 8.3...16 %, which is
not essential for comparative tests.

The developed technique of controlling the friction mode
and temperature change rate AT/At helped determine the
region of boundary friction. Determining of friction mode
by the character of the oscillogram proved the region of
boundary friction. This is the range of small velocities in the
initial section of the Guersey curve of up to 0.1 m/s, at which
at an increase of sliding velocity V, temperature increase
rate AT/At grows as well (section A in Fig. 3).

Approximately after 25-30 minutes of operation at velo-
city of 0.015 m/s (10 rpm), friction coefficients stabilized in
the experiments, which indicates the end of macro-alignment
of the sample and the counter sample. At other velocities, as
they increase, friction coefficients varied slightly depending
on operation time both for the friction of polymer «Moglice»
and for DC-6.

Discussion of results of research into friction of the poly-
mer «Moglice»

Studies of friction of the polymer «Moglice» by the
scheme «shaft — sleeve» «cast iron-moglice» at sliding ve-
locity of 0.015 m/s (10 rpm) showed the values of friction
coefficients /=0.056 after the macro-alignment. Low values
of friction coefficients for the scheme «shaft — sleeve» are
explained by the fact that there is more lubricant in the gap
between the sleeve and the shaft (sample). That is why the

friction mode is closer to semifluid that at friction by the
scheme «shaft — belt».

At 20 rpm at the initial friction moment, friction coef-
ficient was slightly lower, but it increased over time. With
an increase in velocity, temperature had higher indicators.
This can be explained by the fact that at velocity of 10 rpm,
there was a macro-alignment of the sample and roughness
smoothed. When tests were carried out at the rate of 20 rpm,
the sample already had a smoother surface, which could con-
tribute to a decrease in the friction coefficient.

With a further increase in sliding velocity for friction
couple «cast iron — moglice», friction coefficient changed
slightly and temperature in the friction area increased.
Observations in the course of the experiment showed that
an increase in sliding velocity leads to a faster temperature
increase for friction couples with polymers than for metal
friction pairs. It can be explained by worse heat conductivity
of polymers in comparison with metals and softening of the
polymer even at slightly elevated temperatures.

Jumps in the obtained values of friction coefficients are
caused by high sensitivity of the friction torque sensor of
the tribometer and periodic renewal of lubricating oil in the
operation process.

Discussion of results of research into friction of polymer DC-6

Micro-alignment of friction couple «cast iron — DC-6»
by the scheme «shaft — sleeve» at sliding velocity of
0.015m/s (10 rpm) led to a decrease in friction coefficient
to the value close to f for the couple «cast iron—moglice».
Higher f for DC-6 at the starting moment of operation is
due to higher original roughness of the sample, which is asso-
ciated with worse machinability of DC-6 by cutting.

For other friction velocities, values f, approximately coin-
cide with f for polymer «Moglice».

Friction temperature for DC-6 at sliding velocity of
0.015 m/s (10 rpm) is lower than for «Moglice» by 10 °C.
Polymer DC-6, which is more viscous in its original state, at
applying the coating and at solidification has a more porous
structure, which increases oil absorption of the friction sur-
face. Apparently, this decreases temperature at friction.

At friction at velocities of 20, 30, 40 rpm, temperature cor-
responded to friction temperature for «Moglice». The excep-
tion was friction at velocity of 50 rpm and was higher by 15 °C
than for «Moglice», which may be due to slight softening of
DC-6. Friction coefficient was also higher than for «Moglice».

Generalization of research results.

On average, friction coefficients for materials «Moglice»
and «DC-6» are comparable.



Friction temperature of materials «Moglice» and «DC-6»
increases at an increase in sliding velocity. For polymer
«Moglice», friction temperature increases over time, in
contrast to «DC-6». Apparently, it is due to porosity and oil
absorption of «DC-6».

Friction coefficient is influenced by surface roughness,
since micro-alignment of the material takes place. We obtain
rougher surface on the polymer «DC-6» at handling by cut-
ting, which can be easily avoided by the micro-alignment.

At high sliding velocities, the polymers «Moglice» and
«DC-6» are heated, softened and set.

For more complete assessment of applicability of the
composite polymeric materials «DC-6» in repairs of friction
surfaces of metal-cutting machine tools, it is necessary to car-
ry out comparative experimental studies of wear resistance
of «DC-6» and the polymer «Moglice».

7. Conclusions

1. The technique of controlling coefficients of friction
and temperature was developed. As a result of application of
a tribometer, which excludes misalignment of the sample and

the counter sample, it was possible to avoid the macro-align-
ment. The counter sample in this tribometer is capable of
self-adjustment by the sample.

2. Applicability of the Euler formula for calculating
friction coefficients was proved both when operating by the
scheme «shaft — sleeve» and when operating with a flexible
steel belt — the counter sample.

3. The developed technique for controlling the mode of
friction and lubrication by character of oscillograms and by
measuring temperature change rate AT/At allowed determin-
ing the region of boundary friction. This is the range of small
velocities of up to 0.1 m/s

4. Comparative research into tribotechnical characteris-
tics of the polymeric material «Moglice» and the developed
new polymeric composite material DC-6 showed that coef-
ficients of sliding friction and heat resistance of the couples
«cast iron — DC-6» and «cast iron — moglice» are close in
magnitude. Thus, to restore damaged or worn friction sur-
faces of metal-cutting machine tools, it is possible to apply
such polymeric materials as «Moglice» and «DC-6».

The composite polymeric material «DC-6» can replace
the more expensive repair material «Moglice», which will
allow less costly repairs of metal-cutting machine tools.
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Hocnidsceno popmysanns xodarbmoemicHux
OKCUOHUX NOKPUBIE MEMOOOM NAA3MOB0-EJeKMmPO-
aAimuunoeo oxcuoysanns cunyminy AK12M2MeH
y nipopocpamuux enexmponimax. Iloxazano, wo
eapiroeanns Konuenmpauii Kodanvmy cyavpamy
6 po3uuni enaueae na poboui napamempu IIEO.
Bcmanosneno, wo cxnad ma mopgonozis cop-
MOBAHUX OKCUOHUX Wapie 3anexcams 6i0 cnieeio-
HOweHHs Komnonenmie eaexmpoaimy. Lle 00360-
JI€ Kepyeamu npouecom iHKopnopayii donanma 6
Mampuuro oxcudy antominis. Qdepynmosano cxkaao
nipopocpamnozo enexmponimy 0 o00epicanus
OKCUOHUX NOKPpUBi8, 30azameHux KamaaimuuHum
KOMNOHEHMOM

Knouoei caosa: oxcuonuii noxpue, cuaymiu,
AK12M2MeH, nna3mo80-eseKkmposimuine OKCuU-
oyeanns, nipogocpamnuii enexmponim, mopgo-
J10215 n0BepxXHi

[m, ]

Hccnedosano popmuposanue rxobanvmocooep-
HCAUUX OKCUOHBIX NOKPLIMUL MemOo0OM NAAIMEH-
HO-3IeKMPOSUMUMECK020 OKCUOUPOBAHUSL CUTYMUHA
AK12M2MeH 6 nupogocamuvix snexmpoaumax.
Hoxaszano, umo eapvuposanue Konuenmpauuu Ko-
oanvma cymrvpama ¢ pacmeope eausiem Ha paoo-
yue napamempor I1130. Yemanoeneno, wmo cocmag
u Moponoeus cHopMUpoBaAHHbLIX OKCUOHBIX CLOEE
3a6ucsm om COOMHOUWEHUS. KOMNOHEHMO8 IJleKm-
poauma. Imo no36o0Jsem Ynpasiinms nNPoueccom
UHKOpnopauuu 00nanma 6 Mampuuy okcuoa anomu-
nus. Qoocrosan cocmae nupodpocpamiozo snexm-
poauma 0 noYHeHUs: OKCUOHBIX NOKPbimuil, 060-
2aUEHHBIX KAMATUMULECKUM KOMNOHEHMOM

Kniouesvte caroea: oxcuonoe noxpvimue, cuiy-
mun, AK12M2MeH, naa3zmenno-aiexmpoaumune-
cKoe oxcuduposanue, nupodocamuolii saeKxmpo-
aum, mopghonozus nogepxnocmu

u] =,

1. Introduction

The alloys of aluminum with silicon are demanded
structural materials. Due to their unique physical-mecha-
nical properties and high treatment manufacturability, they
are widely used in various industries: automotive and mo-
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tor engineering, heating and water supply systems, con-
sumer goods.

High silicon content provides silumins with enhanced
casting properties, higher corrosion resistance, strength and
durability. At the same time, coarse-needle eutectics and pri-
mary deposition of silicon in the structure of silumins cause




