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CRITERIA OF EFFECTIVENESS OF REPLACING MATERIALS
FOR TRIBOTECHNICAL PURPOSES FOR AIRCRAFT FRICTION UNITS
Report 2. FRICTION MATERIALS

An analysis of general characteristics of materials of tribotechnical purposes, which make up a friction
subclass, is carried out. The classification scheme of main types of compositions of friction materials inclu-
ding asbestos-based materials, casting alloys, sintered materials and composites materials with a carbon
and ceramic matrix is synthesized. The block-diagram of the formation of basic operational characteristics
of friction materials including the main and additional functional frictional properties is developed.

Classification components of the operational characteristics are consistent with relative criteria
of efficiency of friction materials which numerical definition is realized within the framework of the propo-
sed conceptual approach to the criteria assessment of the possibilities of increasing of the operational
characteristics of the aircraft parts and the method of gradual expansion of their completeness.
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Introduction

As stated in [1], about 75% of units and assemblies
used to fail due to wear and tear of friction pairs. Since
various aircraft systems (control system, landing gear,
hydraulic system, etc.) are the ones that operate
through the movement of their elements, support of
their reliable operation is imperative for enhancing the
flight safety [2—4].

The paper [1] has analyzed the basic operational
characteristics of tribotechnical materials that make
up an antifriction subclass. Given below is a similar
analysis and criterial efficiency of replacing the tri-
botechnical materials for aircraft friction joints for
a friction subclass.

Friction materials are those meant to be operable in
the units which transfer or dissipate kinetic energy (in
brakes, couplings, etc.) [5]. Utilization of these mate-
rials is based on their high values of friction coefficient
and wear resistance. The friction materials should be
[4]:

- highly friction heat-resistant (a property of main-
taining a stable friction coefficient and wear value
within an operating temperature range);

- resistant to seizure and wear;

- quickly conformable;

- resistant to thermal fatigue;

- mechanically strength;

- corrosion-resistant;

- smooth and noiseless in engagement and sliding.

Seeking to further analyze the criteria of efficiency
of friction materials replacement, consider (as in the
paper [1]) the general characteristic of related types.

Problem Statement and Solution

An analysis of a great number of information
sources generalized in the papers [2—4] and others
enabled to synthesize the classification scheme of main
types of friction material compositions (Fig. 1) that
include four subclasses:

1. Asbestos-based materials having their compo-
nent groups of asbestos/rubber materials and
asbestos/resin materials.

2. Casting alloys composed of two groups: friction
cast irons and steels (as a friction counterbody).

3. Sintered powdered materials including three
groups: copper-based materials, iron-based materials
and cermets.

4. Composite materials including carbon-to-carbon
materials and ceramic matrix composites.

Consider in more detail the characteristics of the
classification components of each subclass of the fric-
tion materials.

Subclass 1 of the friction materials includes
asbestos-based materials which, according to the type
of binding medium, includes two groups [5]:

- asbestos/rubber materials with a synthetic rubber
binding medium, various fillers (zinc oxide, iron minium,
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graphite, etc.) and booster compounds for proper
rubber curing;

- asbestos/resin materials with a binding medium
of phenolformaldehyde resin and various fillers (barite,
iron minium, lead oxide, kaolin, brass chippings, elect-
rocorundum, etc.).

As it was found from the studies of friction heat-
resistance of asbestos/rubber materials [11], the fric-
tion coefficient varies continuously from 0.45...0.60 to
almost 0, as the temperature rises to 400°C, that is
caused by the softening of the binding medium. Wear
rate of such materials grows with the temperature rise,
the wear being particularly high at temperatures ran-
ging from 370 to 400°C.

Also, the changes in friction process parameters
have an essential effect on the properties of
asbestos/rubber materials. When operated together
with steel 65G (65T) in relatively light modes, the
asbestos/rubber materials have a rather high wear
resistance. As the specific load and speed increase,
these materials get worn much heavier, therefore, their
use in highly loaded friction units featured by tense
thermal operational modes is limited [11].

A low-heat resistance of the binding media used
accounts for a relatively low operating temperature of
asbestos/rubber materials. In addition, a low heat con-
duction of these materials makes the metal counter-
body overheat in operation that results in shrinkage in
a number of instances [11].

Unlike the asbestos/rubber materials capable of
working only under 300°C, the asbestos/resin mate-
rials are more stable in terms of friction properties at
higher temperatures. As is the case with asbestos/rub-
ber materials, the operating temperature range for most

asbestos/resin materials is also defined by the tempe-
rature of disintegration of the binding medium [11].

The best material out of the asbestos/resin ones is
retinax FK-16L (DK-16JT) with related friction pro-
ducts used for the friction units in aircraft wheels.
Retinax FK-16L is a combination of phenolformalde-
hyde resin, asbestos, barite and brass wire and has the
physical and mechanical characteristics as follows:
d=2400..2650 kg/m* A =0.60 W /(m-K); c = 0,84 k] /(kg-K);
Tgpear = 32,0 MPa; 0,5, =72 MPa [20, 21].

This material withstands a surface temperature of
up to 1000°C and has a relatively stable friction coeffi-
cient in disregard of some decrease at about 400°C [5].
As coupled with cast iron ChNMKh (AHMX) at the
temperature of 100°C, the friction coefficient of reti-
nax FK-16L is f = 0.328..0.450; at 980°C it is
/=0.210..0.312 [21].

Subclass 2 of friction materials includes casting
alloys consisting of two groups: friction cast irons and
steels used in friction units as one of the elements of
friction pair (as a rule, counterbody).

The friction cast irons are used because of their low
cost, ease of fabrication of related parts, good machin-
ability, high strength and satisfactory wear resistance.

Perlitic gray cast irons, essentially, fine-grain gray
cast irons with hardness of 2500 HB are used for medi-
um-load friction units. Disadvantage of these cast
irons is their possible cracking at variable heat loads
due to insufficient heat-resistance and strength.
Additionally, these cast irons reveal phase transforma-
tions at temperatures above 400°C that is accompanied
by an increase in ferrite content and higher wear of the
coupled part at specific loads of over 600 kPa [5, 8].
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Fig. 1. Classification Scheme of Main Types of Friction Materials Compositions
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Alloyed cast irons most closely correspond to the
requirements imposed on friction pairs which operate
in dry friction conditions. These have higher strength
and heat-resistance. For instance, alloyed cast iron
ChNMKh has 6, = 200 MPa; 8 = 0.5%; y = 13.5%;
A =50..70 W(m-K); a0 = (11.7...13.7)-10¢ K! within
the entire range of operating temperatures [5].

In the heavy-load friction units, the alloyed cast
irons are more operable and durable than the common
cast irons or steels, though essential thermal stresses
arising from braking lead to cracks on the units’
working surface as well [8].

The perlite-class alloyed cast irons having a perlite-
graphite structure have better friction properties as
the ferrite available in the structure contributes to
a reduced friction coefficient and seizure of coupled
parts [5, 8].

When operating together with sintered iron-based
friction materials, the alloyed cast irons ChNM
(YHM) and ChNMKh have a rather high and stable
friction coefficient at different temperatures [5].

Also, carbon steels (steel 20, steel 35, steel 40, steel
45, steel 65G and other) can be used as a material for
friction counterbodies. Advantages of steels are easy
manufacturing friction elements from them by machi-
ning, good thermal physical properties and mechanical
strength. Weaknesses include higher wear and lower
friction coefficient, as the friction elements get over-
heated, and shrinkage and contraction of parts in ope-
ration. In this connection, the steels are used for manu-
facturing the counterbodies which operate at relative-
ly low heat loads in pair with asbestos friction or sin-
tered materials [8].

Heat-treated steels (40-50 HRC) are generally
used for lubricated friction units. In dry friction, ho-
wever, although heat treatment does decrease steel
wear twofold or threefold, the sintered material gets
worn by 1.5 times more [8].

For the friction units operating without lubricant
in pair with sintered materials, low-carbon steels are
used due to low wear of the friction pair’s both ele-
ments (the wear of sintered materials is thrice as low as
that of high-carbon steels when rubbing against the
counterbody) [8].

A diversity of original components and technologi-
cal possibilities of the powder metallurgy allow fabri-
cation of a wide range of friction sintered materials
(metal ceramics) with high operational properties that
represent Subclass 3 of the friction materials.
Application of the friction metal ceramics contributes
to increased durability, reliability and efficiency of
friction units and creation of new structures with high
energy-saving, wear resistance, heat-resistance as well
as high and stable values of the friction coefficient.
Such materials do not only improve performance of
aircraft but also provides for the aircraft’s high cost

effectiveness by the effect of longer service life of fric-
tion units and lower operating costs [6-7].

As shown in the classification scheme in Fig. 1, this
subclass of friction sintered materials includes three
groups: copper-based materials, iron-based materials
and cermets.

Metal ceramics FMKM-1 (ODMKM-1) based on
copper composition of are Cu —8Sn — 3SiO, — 6Pb —
—3MoO, - 3C used for friction electromagnetic and
overriding clutches in aircraft units at dry friction and
temperatures of up to 200°C [3]. Physical and mecha-
nical properties of the metal ceramics FMKM-1 are
given in Tables 1 and 2.

For v = 0.1...6.3 m/s, when coupled with chrome-
plated steel, the material FMKM-1 has f = 0.28...0.30
and the wear of the metal ceramics is 8 pm/hr [3].

The friction material FMKM-1 is produced by
pressing burden under the pressure of 250..350 MPa
and sintering under the pressure of 0.8...1.2 MPa at the
temperature of 760...780°C in hydrogen [10].

Compared to the copper-based metal ceramics, the
sintered iron-based friction materials representing the
second group of the friction materials subclass consi-
dered have higher strength and withstand higher spe-
cific loads and higher friction temperatures
(1000...1200°C) [11].

Brake rotors and friction washers with metal
ceramics FMK-79 (OMK-79) based on iron composi-
tion of Fe —10Cu - 3BN - 6BaSO, - 6SiC - 6C are
used for aircraft wing devices, on-board loading cranes
in air transport, ground handling main booms and
other friction units in aircraft [10].

Physical and mechanical properties of the metal
ceramics FMK-79 are shown in Tables 1 and 2.

For v = 20 m/s, when couples with ChNMK cast
iron, the friction coefficient of metal ceramics FMK-79
is f = 0.3...0.4; stability of the friction coefficient is no
less than 0.7; the wear is no more than 12 pm/braking
[3, 4].

The friction material FMK-79 is produced by
pressing burden under the pressure of 500..700 MPa
and sintering under the pressure of 1.5...2.0 MPa at the
temperature of 970...1000°C in hydrogen [10].

Developed for aircraft’s brake rotors are the fric-
tional metal ceramic materials FMK-8 (DMK-8),
FMK-11 (®MK-11) and MKV-50A (MKB-50A)
which work in couple with cast iron ChNMKh or steel
3Cr13 (3X13). The materials are fabricated on the
basis of iron while the metal ceramics FMK-8 contains
a minimum quantity of iron and maximum quantities
of alloying elements Ni, W, Cr. The rest of metal
ceramics have a much greater percentage of iron while
the above alloying elements are none (Table 3) [13].
Physical and mechanical properties of these materials
are shown in Table 4.

For the wear resistance and conformability
required, the hardness of the metal ceramics following
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Table 1
Physical Properties of Friction Sintered Materials FMKM-1 (Copper-Based) and FMK-79 (Iron-Based) [4]
Metal Ceramics d, kg/m? A,W/(m-K) ¢, kJ/(kg-K) o, K1
FMKM-1 7000...7500 9.24 0.348 16.8-10° (T = 20...100°C)
i 18.90 (T =25°C) 0.546 (T =100°C) 06 T .
FMK-79 5500...5600 17.64 (T=800°C) | 0.798 (T=600°C) 14.3-10¢ (T = 20...600°C)
Table 2
Mechanical Properties of Friction Sintered Materials
FMKM-1 (Copper-Based) and FMK-79 (Iron-Based) [4]
Metal Ty °C GB GB bend GB compr T.\'hear Hardness KCU (an)’ kJ/In2
Ceramics MPa
FMKM-1 20 50...60 70...80 140...150 70...80 600 HB 9.8..14.7
20 40...50 110..120 | 250..260 | 90..110 | 800..1050 HRF 9.8..10.8
FMK-79
600 30...40 70...80 150...160 30...40 600...700 HRF 6.9..7.8
Table 3
Chemical Composition of Iron-Based Metal Ceramics (mass %) [12]
Metal | g | ¢y C s Ni Cr w B | Asbestos
Ceramics
FMK-8 5.7 5.5..66 | 13..23 23..27 | 85..10.5 | 5.7 - -
FMK-11 r:% 14..16 | 6.5..8.0 | 0.5..1.0 1.2 - - - - 2.0..3.5
MKV-50A 9..11 | 85.11.0 | 06..1.2 | 3.0..4.3 - - - |30.43 | 25.4.0
Table 4

Physical and Mechanical Characteristics of Iron-Based Non-Lubrication Friction Metal Ceramics [11]

Metal Ceramics

Parameters
FMK-8 FMK-11 MKV-50A
d, kg/m? 7000 6000 5000
G, MPa 90...100 55...65 30...40
O compr MPa 450...500 300...350 155..210
Tjenr MPa 80 80...100 67...85
Oy pon MPa - 160...200 100...140
KCU (o), kJ /m? - - 7.85..11.77
o-108, K-, in interval T = 20..500°C B 13.3...14.8 10.9..11.3
T=20..900°C - 10.9...13.8
¢, kJ /(kg-K), in interval T= 100...800°C - 0.503...0.711 0.503...0.837
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sintering must be within the range of 630...830 HRF
for FMK-8, 700..950 HRF for FMK-11 and 600...
1000 HRF for MKV-50A [12]. In this case the hard-
ness of the counterbody made from cast iron ChNMKh
should be 1600..2200 HB and 2700...3000 HB for the
counterbody made from steel 3Cr13. An increase in the
hardness of both metal ceramics and cast iron deterio-
rates inter-conformability [13]. The frictional proper-
ties of the iron-based metal ceramics and the wear rate
of the friction pair elements are given in Table 5.

The merits of the sintered material FMK-11 are its
workability at high temperatures and within a wide
range of loads and speeds. With the alloying compo-
nents in mind, the metal ceramics FMK-8 is noted for
its high wear resistance at friction temperatures of up to
500...600°C. The friction material MKV-50A features
high performance in high-load brake conditions [14].

The friction metal ceramic material FMK-845
(DMK-845) on the basis of iron composition of
Fe — 5C — 2.2Si — 1.2Ni — 0.6Cr — 0.8W — 1Mn having
the hardness of 650..1000 HRF (as sintered) was
developed for brake rotors for operation in couple
with the sintered materials FMK-11, MKV-50A and
FMK-79 [12]. The frictional properties and the wear
rate of the friction pairs with both elements being
metal ceramics are shown in Table 6.

The third group of the sintered friction material
subclass is represented by cermets used for aircraft’s
landing gear brakes. In addition to the taking of high

dynamic loads, these materials, when used, reduce the
weight and space of the structure [6].

A binding phase for the cermet is chiefly copper
alloys having good heat conductivity or, in special
cases, iron and its alloys. Borides, carbides, nitrides,
oxides or their mixtures are used as ceramic phases.
Generally, the contents of the ceramic phase are in
excess of 40%. By combining plastic metals with
strength but brittle high-melting compounds in a cer-
met, the materials are produced that have better pro-
perties than with the original materials [5].

The cermet-based friction materials operate at
about 1000°C. Depending on the operating conditions,
the friction coefficient varies within 0.3..0.7. Such
materials feature high wear resistance and heat-resis-
tance [5, 6].

High contents of nonmetals in cermet compositions
lead to a reduction in cermet strength. A special
process of double pressing and sintering and hot pres-
sing and pressurized sintering is used for enhancement
of strength characteristics of cermets [6].

For manufacture of friction linings for multiple-
disk brakes, the cermet SMK-80 (CMK-80) having
a composition of Fe —23Cu - 6.5Mn - 2.5MoS, -
- 6.5BN - 10B,C - 3.5SiC has been developed. The
material has the following physical and mechanical
characteristics: d = 5900 kg/m?% o, = 40..50 MPa;
o =150...250 MPa; 7, = 80..100 MPa; oo = (11.0...

Bcompr

12.3)-10¢ K-' in the interval of T'= 20...500°C [6].

Table 5
Frictional Properties of Iron-Based Metal Ceramics [13]
I, um/braking
Friction Pair f a,
Metal Ceramics Counterbody
FMK-8 + ChNMKh 0.16...0.20 0.65 16 4
FMK-11 + ChNMKh 0.25..0.29 0.77 22 4
FMK-11 + 3Cr13 0.18...0.22 0.80 24 6
MKV-50M + ChNMKh 0.34...0.38 0.77...0.80 20 4
Table 6
Frictional Properties of Friction Pairs Made from Metal Ceramics [12]
I, um/braking, not more than
Material f o, not less than
Metal Ceramics FMK-845
FMK-11 0.241...0.309 0.72 22.0 6.0
MKV-50A 0.330...0.404 0.70 16.0 12.0
FMK-79 0.300...0.400 0.65 16.0 12.0

35

PE3YNIbTATbI NCCJTEAOBAHWA HOBbBIX NMPOLIECCOB, MATEPUANOB, N3OEJTNIA



PE3YNbTATbI NCCJTEAOBAHMA HOBbBIX NMPOLIECCOB, MATEPUANOB, N3OEJTNA

Greri TC 212018

Table 7
Friction Properties of SMK-80 + ChNMKh Friction Pair
in Operational Modes of Aircraft Multiple-Disk Brake [11]
N,. e , " I, um /braking
MPa/m-s SMK-80 ChNMKh
1 0.16 0.52 0.88 2.3 1.8
2 0.54 0.31 0.82 4.7 4.7
3 0.95 0.26 0.75 2.0 4.7
4 1.33 0.22 0.69 6.0 8.2

Friction characteristics of the friction pair
SMK-80 + ChNMKh in the operating modes of air-
craft’s multiple-disk brake (v, = 26.5 m/s) are given
in Table 7.

start

Subclass 4 of the friction materials includes com-
posite materials (CMs) with carbon matrix (carbon-
to-carbon CMs — CCCMs) and ceramic matrix
(ceramic CMs — CCMs) stiffened with carbon and
other types of fibers. These composites relate to the
latest-generation friction materials. Primary benefits
of the braking systems based on CCCMs and CCMs
are:

- relatively low density that allows a reduction in
the weight of braking systems by 40 to 60%;

- high wear resistance in different atmospheric
environment that does not essentially enhance the
number of braking prior to repair;

- ability to absorb a great deal of kinetic energy
during braking by converting it to heat energy;

- high resistance to thermal shock;

- high allowable operating temperatures (over
1000°C) [15].

The technological scheme of producing friction-
intended items from fiber-reinforced composites with
a carbon and ceramic matrix includes procedures for
making fiber carcass (preform) with fibers positioned
in a chaotic or oriented manner, saturating (packing)
the fiber carcass with a matrix material and machining
the blank so produced [15].

The second vital operation of the process — the
packing of the carcass — is performed by using various
solid-phase, liquid-phase and gas-phase methods and
their combinations [15].

The solid-phase procedures are least spread and
only used to produce ceramic composites. Generally,
these are modifications of the powder method for pro-
ducing technical ceramics. Powder of the matrix com-
ponent is mixed with the reinforcing filler shaped as
short fibers or whiskers, then a small quantity of poly-
mer binder is added, and then the mixture produced is
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pressed and heat-treated. In the case of CCMs rein-
forced with carbon nanotubes, a method is used where
the mixture of ceramic powder and carbon nanotubes
is hot-pressed and sintered. In so doing, the mixture
could be produced using both the dry technology and
the solution technology (for better dispersion of car-
bon nanotubes) [15].

The gas-phase methods for producing CCCMs and
CCMs are based on the packing of porous fiber car-
casses as the gaseous chemical precursors are filtrated
through them and disintegrated homogenously and
heterogeneously while the matrix material is settled on
the surface of heated reinforcing fibers (CVI Method —
Chemical Vapor Infiltration). Gaseous hydrocarbons
(methane, propane, ethylene, benzene, acetylene, etc.)
are used as precursors to produce the carbon matrix.
In CCMs production by CVT method, studies are also
underway to utilize diverse ceramic materials as
amatrix. CCMs with SiC matrix are currently pretty
widely used for industrial applications [15].

Liquid-phase packing of the fiber carcass is made in
two options. The first option is based on the high-tem-
perature pyrolysis of precursors based on thermoplas-
tic and thermoset polymers which the fiber carcass is
permeated with. Thermoset phenol and furfuryl resins
and pitches from coal tar or petroleum are used as ini-
tial material for producing the carbon matrix. SiC
matrix is produced by using polycarbosilanes or alter-
native Si-containing polymers which are disintegrated
during further heat treatment to release SiC-enriched
fixed residue. The second option of the liquid-phase
packing is used to produce CMs with SiC matrix by
way of reactive sintering of the blank material as it is
silicided (permeated with molten silicon) [15].

In order to improve operational properties of
CCMs braking elements, gradient friction materials
have been developed in which high wear resistance of
surface layers is combined with high impact resilience
of inner layers [15].

CCCMs are used for high-load friction units noted
for large heat emission. CCCMs have a high friction
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coefficient, especially at elevated temperatures, and
exhibit low sensibility to the specific contact pressure,
speed and air moisture. It is typical for CCCMs to have
no seizure of brake disks. In addition, these produce lit-
tle noise in operation. CCCM’s primary disadvantage
is its low friction coefficient (f = 0.05...0.28) at nega-
tive or low temperatures (below 100°C) for which pur-
pose either various stepwise braking schemes are used
or the materials of braking units are heated after seve-
ral pre-brakings. To increase the initial friction coeffi-
cient, abrasive powders (SiC, AlL,O,, B,C, etc.) are
added to the polymer binder from which the carbon
matrix is produced following pyrolysis, or the carbon
fibers themselves are modified by applying ceramic
coatings onto their surface. In this case the initial fric-
tion coefficient may be doubled, however, this brings
about some reduction in maximum values of the fric-
tion coefficient. Another disadvantage of these mate-
rials is higher oxidation susceptibility of the fiber’s and
matrix’ carbon starting from the temperatures of
400...600°C that results in faster degradation of the
friction surface and lowered average wear resistance at
different temperature and force conditions of the bra-
king systems operation. Therefore, wear of brake disks
and linings made from CCCMs is assessed, as a rule, by
the weight loss or size per braking (1.5...3.0 ym for air-
planes). In addition, for great stopping powers, these
materials tend to raise vibration whilst related control
makes the braking system design more complicated
[15].

CCMs are used to improve the braking efficiency
when the temperature on the friction pair surface can
reach 1000...1200°C. The ceramic materials used for
friction pairs are divided into those reinforced with
avariety of fibers and whiskers and those not rein-
forced (hot-pressed, reactively sintered) [15].

Chief drawback of the ceramic-based materials is
their low resistance to mechanical and heat shock
loads that restrains the scope of application for the
non-reinforced ceramics. Most widespread in the fric-
tion units are friction CCMs with carbon reinforcing
filler (chopped fibers, tissues, bans, mats) SiC-based
ceramic matrix which is produced using the method for
impregnating a carbon-to-carbon blank with molten
silicon. These friction materials have good tribotachni-
cal characteristics: a high friction coefficient and its
minor dependence upon the speed at the start of bra-
king (reduction from the initial 0.6...0.7 to 0.45...0.55
at v =15m/s), a lower temperature of the surface with-
in the friction area (reduced by 5..15% at 500°C),
alower contact pressure (reduced by 10...20% as pres-
sure goes up to mo 4 MPa), and weather conditions.
The materials with ceramic matrix wear to a lesser
degree in operation as opposed to the materials consi-
dered [15].

Materials with carbon matrix are widely used for
fabrication of braking devices for aircraft. Production

of braking disk from CCCMs for airplanes is steadily
growing with an annual average of 12%. Currently,
the braking devices are fabricated with monodisks or
section-type disks, the former being more preferred.
The braking devices with CCCMs monodisks are used
in Russian airplanes — IL-96T/M, TU-204, TU-214,
TU-160; in US-made airplanes — B767, B777, F-15,
F-16, F22, B-32; EU — A330/340 and others [15].

The CMs braking disks with ceramic matrix are not
widely used in aircraft braking systems so far.
Nonetheless, the world-largest firms are making efforts
to create a commercial product shaped both as the fric-
tion material proper and aircraft brake disks based on
the material [15].

An analysis of the sources of information [1-15],
etc., allowed a synthesis of the block-diagram for for-
ming major operational characteristics of the whole
subclass of friction materials (Fig. 2). The block-dia-
gram displays primary functional tribotechnical (fric-
tional) properties making up three group characteris-
tics and five additional functional properties that pro-
vide jointly the regulated modes of operation of fric-
tion pairs including sixteen comprehensive properties
that define appropriate single and/or grouped proper-
ties of the friction pairs material.

As is evident from the block-diagram (Fig. 2), all
the operational characteristics are interrelated either
directly or indirectly through the group relationships.
For example, the functional tribotechnical (frictional)
properties are linked through the high friction coeffi-
cient, high wear resistance and no jamming and seizure
between mating parts. It is to be noted that the results
of numerous fundamental and applied studies on iden-
tification of such relationships both theoretically (ana-
lyticcally) and experimentally (or experimental-theo-
retically) have been integrated into the scientific fun-
damentals of triboengineering.

Thus, the tribotechnical materials of the frictional
subclass of all the basic compositions shown in the
classification scheme of Fig. 1 have been investigated
in a rather in-depth manner in terms of formation of
their basic characteristics systematized in the block-
diagram of Fig. 2, and the studies are going on.

However, the problem of a system synthesis of cri-
teria of friction materials replacement effectiveness has
not yet actually been formulated. Therefore, basing on
the above brief analysis of the status of formation of
operational properties of basic types of related compo-
sitions (Fig. 1), it is thought useful to extend the con-
ceptual approach described in the paper [1] to the
assessment of efficiency of replacement of one or the
other friction material. Like for antifriction materials
[1], the tribotechnical properties of friction materials
are largely interdependent and hinge upon the opera-
ting modes of friction pairs.

Following the conceptual approach to the criterial
evaluation of effectiveness of rational replacement of
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Fig. 2. Block-Diagram of Formation of Basic Operational Characteristics of Friction Materials

various compositions, as actualized in [1], with the cri-
teria graded into single, grouped, complex and integral,
these are converted to a relative dimensionless form
by virtue of relevant numerical values of constituent
properties of the basic material’.

As is the case with [1], the relative integral criteri-
on of a replacing friction material K, is found by the
relationship

[?intz Zaipcompl i ([?1) >1 b

i=1

(1)

where Rmmp“(K) is the i-th complex criterion of the
replacing friction material R, ; related to a similar cri-
terion of the basic material R,

D i72 R igl
RCOmpli(K) = : s (2)

Rfrbasi
o, is a rating factor of relevant complex criteria (Fig. 2)
that is determined by a decision-maker’s expertise
[16—18].
The relative complex criteria R, .
(1) include relevant grouped criteria

m
Kcompli: ZBiRgri’
i=1

(K) as part of

3)

m
ZBi =1, B, are the rating factors for relevant criteria

i=1
K o assigned by the decision-maker on the basis of the
expertise assessments. B
In turn, K ; includes single K,

sini

[?gri= zyl Rsini’ (4)
i=1

-
Zyi =1, v, are the rating factors for relevant criterion

i=1

Mnif, when lowered, the complex criterion consti-
tuents as part of the material to be replaced tend to
enhance, by their nature, the efficiency (growth) of the
complex criterion, the relative complex criterion of
such a replacement should be reflected by inverse
dependence in relation to (1).

For instance, the complex criterion of cost K_ pre-
determines the effectiveness of the basic material
replacement by another one, if the sum of the basic
material R, group criteria making part of it is lower
than its value of the material to be replaced, i.e. the
inverse dependence is the case (1)

_ R.. .
Ri(KC): frbasi 21 )

fri

)

* As stated in the paper [1], the choice of a basic material is not crucial, however, it is thought worthwhile to take friction

cast iron as such a material.
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It should be noted here that the current absence of
a sufficient number of performance data both for the
basic material and replacing friction material justifies
the limited completeness of the properties available
depending upon the replacement purpose [1, 19].

Conclusion

1. An analysis of general characteristics of tribo-
technical materials representing the friction subclass
has been carried out.

2. The classification scheme of main types of fric-
tion material compositions including asbestos-based
materials, casting alloys, sintered materials and com-
posites as well as the groups of these subclasses diffe-
ring in performance values in given friction pairs ope-
rating conditions has been synthesized.

3. A block-diagram has been elaborated for estab-
lishing primary operational characteristics of friction
materials including basic and additional functional
properties which ensure regulated working modes for
appropriate friction pairs as well as 16 interrelated
complex properties which make up any particular
group and single characteristics.

4. Relevant classification components of the opera-
tional characteristics are consistent with relative crite-
ria of effectiveness of friction material replacement
that have been defined numerically within the propo-
sed conceptual approach to the criterial evaluation of
a possible increase in performance of aircraft parts and
of a method for gradual expansion of their range pre-
defined by the objectives couched for replacement of
basic friction materials.
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bwviukos A. C.', Hewunopenxo 0. 10.?

{ TocymapcTBeHHbIl HAYYHO-HCCIeI0BATEeIbCKUI 9KCIIePTHO-KpUMUHAIHCTHYecKuii neHTp MB/I Ykpaunsl.
Ykpauna, r. Kues
2 TocynapcrBennoe npennpusatne <AHTOHOB»>. Ykpauna. r. KueB

KPUTEPUU OODEKTUBHOCTU 3AMEHBI MATEPUAJIOB
TPUBOTEXHUNYECKOTO HASHAYEHU A NJid Y3JI0B TPEHUA CAMOJIETOB
Coo6menue 2. DPUKIIMOHHBIE MATEPHAJIBI

IIpogeden ananus obuwux xapaxmepucmurx MamepuaLo8 mpudomexHuucKoz0 Ha3na1enus, COCMaenstio-
wux Qpurxyuonnvil nooxaacc. Cunmesuposana KiaccuQPuUKAuuoHHaAs cxema OCHOBHHLIX U006 COCMABOE
dpuryuonnbLIX MAMEPUAN06, EKIIOUAIOULAL MAMEPUATLL HA 0CHOBE achecma, Tumelilvle CNIABLL, CneveH-
Hble MAMePUaIbl U KOMRO3IUNDL C Y2JepOoO0HOT U Kepamuneckol mampuuei. Paspabomana 6n0x-cxema gop-
MUPOBAHUA OCHOBHBIX IKCNIYAMAUUOHHBIX XAPAKMEPUCTUK DPUKUUOHHBIX MAMEPUATL08, BKIIOUAIOUAS
0CHOBHbBLE U 00NnoJHUMENbHbIE PYHKUUOHATIbHbLE PPUKUUOHHBLE CB0UCMEA.

Knaccuduxayuonnoie cocmasasiowue IKCnayamayuoHHblX XapaKmepucmux co2iaco8anbl ¢ OMHOCU-
mebHbIMU Kpumepusimu 3P @Pexmusrocmu YpuKuuoHHbIX MAmMepuaios, Huciennoe onpeoeieHue KOmopolx
Peanu308amno 8 pamKax npeooNceHnozo KOHuenmyaivbiozo nooxo0a Kk KpumepuaibHol oueHKe 603M0ONHCHO -
cmeil noGblUEHUA IKCNAYAMAUUOHHBLX XAPAKMEePUCMUK 0emaJlell A6UAKOHCMPYKUULT U Memo0a NOCed06a-
menbH020 pacuupenus ux noaromst. [dx.doi.org/10.29010,/083.3]

Kmouesvle ciosa: ¢puxyuonmvie mamepuanvl; K1accupukauust 0OCHOBHHIX IKCNAYAMAUUOHHDIX XAPAKMEPUCTIUK,
O10K-cxema popmMuposanus ceoticms; Kpumepuu ) PexmusHocmi 3ameHvl Mamepuailos nap mpeHusl.
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