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Abstract—The issue of the development of the fretting process on the contacting surfaces of metallic and
metal–polymeric pairs under conditions of increased vibration is considered. A study of the wear character-
istics of various pairs of friction has been carried out. During laboratory tests of friction pairs with an ampli-
tude of 50 μm, metal–polymer friction pairs showed no weight wear. An increase in the displacement ampli-
tude to 160 μm caused a more significant wear of the samples, which was determined by the gravimetric
method. Tests of metal pairs showed the presence of wear during fretting at both an amplitude of 50 μm and
an amplitude of 160 μm. The contact of two metal surfaces contributes to a more active course of wear pro-
cesses, as a result of which powdery products of destruction of wear products are formed. It was revealed that
an increase in the vibration amplitude leads to an increase in the wear rate of both metal–metal and metal–
polymer friction pairs. The vibration of the contacting surfaces of gas transportation systems is characterized
by the presence of low-frequency vibrations from 7 to 211 Hz with a range of vibration displacements from 19
to 566 μm, which forms various vibration amplitudes of the contacting surfaces during fretting. Linear equa-
tions are obtained for calculating the wear intensity depending on the vibration amplitude. The development
of the fretting process during vibration leads to a loss of tightness of f lange butt joints due to wear of the con-
tacting surfaces, a weakening of the tightening torque of bolted joints by an average of 40 N⋅m per 1 million
cycles and, as a consequence, the formation of a gap between the inner surfaces of the f langes. It is shown that
it is possible to predict the maximum duration of f lange butt joint operation under vibration conditions until
the loss of tightness is achieved.
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INTRODUCTION
Assessment of the hazard of vibration effects aris-

ing during gas transportation is always relevant [1–3].
This type of impact is especially intense during the
operation of the pipelines of compressor stations and
on the pipelines of gas distribution stations (GDSs).
STO Gazprom RD 1.10-098-2004, which regulates
the requirements for the diagnostic examination of the
GDS, identifies the following reasons for the occur-
rence of increased vibrations [4]: an increase in the gas
transportation rate, gas f low rate control by valves and
taps, the presence of local geometric inhomogeneities
(bends, control valves, tees, dead ends, etc.), lack of
contact between the gas pipeline and the supports, and
changing the length of the spans.

When assessing the consequences caused by the
formation of vibration effects, attention is mainly paid
to the change in the mechanical characteristics of the
metal of pipes and welded joints, leading to the initia-
tion of fatigue cracks [5–9]. However, the presence of

vibrations also leads to the development of fretting
between the contacting surfaces in f lange joints, in
valves and at the points of attachment of pipelines to
supports, causing their increased wear. In the absence
of proper control over the course of this process in the
above nodes, there is a danger of depressurization of
pipelines or jamming when rearranging the shut-off
and control valves.

Objective—To study the development of the fretting
process on the contacting surfaces of metal and metal-
polymer pairs of fixed joints in conditions of increased
vibration.

MATERIALS AND METHODS
The research took place in three stages. At the first

stage, an analysis of the characteristics of forced vibra-
tions arising from the movement of a high-speed gas
flow was carried out. As a criterion for determining the
limiting vibration norms for pipelines, the root-mean-
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Fig. 1. Appearance of the fretting testing facility: (1) elec-
trical engine; (2) eccentric; (3) lever; (4) spindle; (5) upper
adjustable collet; (6) lower adjustable collet; (7) loading
lever; (8) load; (9) machine slab.
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Fig. 2. Schema for testing the f lange butt joint: (1) Electri-
cal engine; (2) upper part of the installation; (3) lower part
of the installation; (4) f langes; (5) machine bed; (6) vibra-
tion supports; (7) bearing support; (8) cam; (9) spring;
(10) pressure gauge.
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square value of the vibration velocity, equal to
18 mm/s [10], was taken. Then, the ranges of values of
frequency and amplitude of exciting vibrations from a
gas f low moving at a critical speed of 24 m/s were cal-
culated.

At the second stage, experimental studies were car-
ried out on the influence of vibration parameters cor-
responding to the operating conditions of convention-
ally stationary units of gas transportation objects
during the movement of a high-speed gas f low on the
development of the fretting process. The research con-
sisted in testing a pair of samples made of typical
materials used in pipe f lange joints for fretting wear
and determining the wear rate. The samples were
metal-to-metal friction pairs made of 20 (AISI-1020,
C22E–1.1151 according to EN 10083-2) and 09G2S
steel (ASTM A516-55), and metal–seal using paronite
and polyurethane seals. The tests of each pair were
carried out according to the extended method of
GOST 23.211–80 on the installation shown in Fig. 1,
which provides loading of the samples in the axial
direction with a force of 281 N, which corresponds to
a gas pressure in the pipeline of 5.7 MPa with an error
of no more than 25 N, and the samples are made
reciprocating movement relative to each other with a
frequency of 25 Hz with an error of no more than 10%
and an amplitude of 50 microns and 160 microns with
an error of no more than 10 μm in the range over
100 microns. During the tests, wear was determined
using a weight method on an HTR-120 CE electronic
balance with an accuracy of 0.0001 g. By changing the
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mass of the samples, the intensity of linear wear was
determined by the formula:

(1)

In the absence of weight loss of the samples, profi-
lometry was additionally carried out using the MAR
WIN XR 20 roughness measuring system (manufac-
tured by Mahr GmbH).

To verify the obtained laboratory data, at the third
stage, bench tests of the f lange assembly were per-
formed. For testing, steel welded flat f langes with a
nominal diameter of 200 mm in accordance with
GOST 33259–2015, made of 20 steel, were selected.
To assemble the f langes, 12 bolted joints (М20×90)
mm of strength class 5.68, were used. The initial tight-
ening torque was 220 N m. To simulate the internal
pressure, water was pumped into the installation under
a pressure of 5.7 MPa. The tests were carried out with
a vibration velocity of 18 mm/s and a vibration dis-
placement of 500 microns for 50 million cycles on a
setup, the diagram of which is shown in Fig. 2.

RESULTS AND DISCUSSION
The results of analytical calculations at the first

stage showed that the vibration of gas transmission
systems is characterized by the presence of low-fre-
quency vibration with a vibration displacement range
from 19 to 566 μm, which causes micro-displacements
in the contacting surfaces of fixed joints.

In laboratory tests of friction pairs with an ampli-
tude of 50 μm, metal–polymer friction pairs showed
no weight wear. To determine linear wear, measure-
ments were made of the roughness of the friction track
on a metal sample in the radial direction, which
showed the presence of linear wear within the ridges of
roughness (Table 1).

An increase in the displacement amplitude to
160 μm caused more significant wear of the samples,
which was determined by the gravimetric method. The

ϕΔ=
ρ Δfr .mI
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Table 1. Test results for fretting metal–polymer friction pairs according to mode I (A = 50 μm)

Change in parameter Ra of metal sample, μm
Average wear, μm

h1 h2 h3 h4 h5 h6 h7 h8

Steel 20—polyurethane/AISI-1020 (C22E)—polyurethane

0.0760 –0.2529 0.0803 –0.0044 –0.0383 –0.5727 –0.0946 0.1921 –0.0768

Steel 20—paronite/AISI-1020 (C22E)—paronite

0.0025 –0.0410 0.0112 –0.0377 0.0285 –0.0210 –0.0272 0.0518 –0.0041

Table 2. Wear rate of metal-polymer friction pairs according to mode II (A = 160 μm, F = 50 mm2, ΔL = 143808 mm)

No. Material Δm, mg ρ, mg/mm3 Ifr × 10–7

1
Paronite 4.50 ± 0.02 2.00 ± 0.01 3.13 ± 0.02

09G2S steel/ASTM А516-55 1.10 ± 0.01 7.85 ± 0.03 0.19 ± 0.01

2
Paronite 3.40 ± 0.02 2.00 ± 0.01 2.36 ± 0.01

20 steel/AISI-1020 (C22E) 2.00 ± 0.01 7.80 ± 0.03 0.36 ± 0.02

3
Polyurethane 1.20 ± 0.01 1.20 ± 0.01 1.39 ± 0.01

09G2S steel/ASTM А516-55 0.00 ± 0.01 7.85 ± 0.03 0.00 ± 0.01

4
Polyurethane 0.20 ± 0.01 1.20 ± 0.01 0.23 ± 0.02

20 steel/AISI-1020 (C22E) 0.00 ± 0.01 7.85 ± 0.03 0.00 ± 0.01
measurement results and the calculated values of the
linear wear intensity for each friction pair with a dis-
placement amplitude of 160 μm are presented in
Table 2, and the appearance of the samples after test-
ing is shown in Fig. 3.
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Fig. 3. Appearance of samples after testing at an amplitude of 1
paronite; (c) AISI-1020 (C22E) polyurethane; (d) ASTM A516-

(b)(a)

(c)
Comparison of the data obtained showed that an
increase in the amplitude of displacements during
fretting led to an increase in the wear rate of both metal
and polymer surfaces. At the same time, the metal–
paronite friction pair showed the worst resistance.
 2021

60 μm: (a) AISI-1020 (C22E)—paronite; (b) ASTM A516-55—
55—polyurethane.
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Table 3. Test results for fretting of metal friction pairs

Friction pair Mode I (A = 50 μm) Mode II (A = 160 μm)

20 Steel–20 Steel/

AISI-1020 (C22E)–AISI-1020 (C22E)

8.1 × 10–10 0.638 × 10–7

7.8 × 10–10 0.620 × 10–7

09G2S–09G2S/

ASTM А516-55–ASTM А516-55

7.9 × 10–10 0.655 × 10–7

7.7 × 10–10 0.602 × 10–7
Based on the data obtained, taking as assumptions
the linear nature of the dependence of the change in
the wear rate on the vibration amplitude, equations

were obtained for calculating total wear rate  for the
following pairs of friction:

(2)

(3)

(4)

(5)

Also obtained are the values of the minimum vibra-
tion amplitude characterizing the beginning of the
wear process during fretting:

Tests of metal pairs showed the presence of wear
during fretting at both an amplitude of 50 and 160 μm
(Table 3).

As can be seen from the data obtained, the contact
of two metal surfaces contributes to a more active
course of wear processes, as a result of which powdery
products of destruction of wear products are formed.
In Fig. 4, on the surface of steel samples, a finely dis-
persed powder of dark brown fretting products is

frΣI

−= × −9

frΣ 009G2S steel–paronite 3 10 ,I A А
−= × −9

frΣ 020 steel–paronit 10 ,e 2I A А
−= × −9

frΣ 009G2S steel–polyurethane ,10I A А
−= × −10

frΣ 020 steel–polyurethane 2 10 .I A А

−= × 7

009G2S steel–paronite 2 10 ,A
−= × 7

020 steel–paroni 1 ,te 10A
−= × 8

009G2S steel–polyurethane 6 10 ,A
−= × 8

020 steel–polyurethane 1 10 .A
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Fig. 4. Appearance of “metal—metal” friction pairs after test
(C22E); (b) 09G2S–09G2S.

(a)
clearly visible, formed after testing at an amplitude of
160 μm. After the end of the test, wear products are
easily removed from the f lat surface of the sample.
However, in the actual contact of the sealing surfaces
of valves and flange joints, these wear products accu-
mulate in the gap during long-term operation.

Based on the data obtained, equations were derived

to calculate total wear rate  for the following pairs
of friction:

(6)

(7)

also for these friction pairs, the values of the minimum
vibration amplitude were obtained, which character-
izes the beginning of the wear process during fretting:

After bench tests of the assembled flange joint at
the third stage of research, during disassembly, traces
of fretting were found on the sealing surfaces of the
flanges in the form of black wear products of a sealing
gasket made of paronite, and concentric areas of wear
were revealed on the outer surface of the f langes at the
points of contact with the bolt heads and nuts on the
outer surfaces of the f langes (Fig. 5).

It should be noted that after 50 million loading
cycles, the tightness of the f lange connection was pre-
served. The depth of the wear zone on the outer sur-
face in the areas of contact with the bolt heads was

frΣI

−= × −9

frΣ 020 steel–20 steel: 10 ,I A А

−= × −9

frΣ 009G2S steel–09G2S steel: 10I A А

−= = × 8

frΣ 020 steel–20 steel: 5 10 ,I А

−= = × 8

frΣ 009G2S steel–09G2S steel: 5 10 .I А
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Fig. 5. Photographs of the inner and outer contact surfaces of the f langes after testing.
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wear under
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Fretting wear

under the gasket
measured with an MK 0-25 micrometer and ranged
from 0.07 to 0.15 mm.

Using the values of the wear of metal surfaces of the
flanges in the contact zones with bolted joints, the lin-
ear wear rate of the friction pair 20 steel–20 steel was
calculated according to the following formula:

(8)

According to the values of the wear rate, using
Eq. (6) for the friction pair 20 steel–20 steel, the
actual amplitudes of movement in the bolted joint
were determined, which were at a vibration velocity of
18 mm/s from 52.8 to 56 microns.

The development of the fretting process during
vibration leads to a loss of tightness of f lange joints due
to wear of the contacting surfaces, weakening of the
tightening torque of bolted joints, and as a conse-
quence, the formation of a gap between the inner sur-
faces of the f langes. To determine the initial parame-
ters of tightening the f lange joint according to [11], the
force required to crush the gasket when assembling the
flange joint is calculated by formula:

(9)

The required crimp pressure in the f lange connec-
tion leads to compression of the gasket by the inner
surfaces of the f langes and can be determined based on
the change in the gasket geometry using the following
formula:

(10)

The amount of shim reduction is the difference
between the thickness of the shim before and after
compression:

(11)

( ) ( ) 9

fr 7

0.07 0.15
2.8 6.0 10
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( )Δ = − = −g gap comp1 .h h h k
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Fretting wear of the contact surfaces “flange–gas-
ket” and “flange–bolt head” and “flange–nut”
during operation under vibration conditions leads to a
change in the thickness of the gasket and an increase
in the gap between the f langes. The coefficient of
shrinkage of the spacer after fretting, taking into
account wear, will be determined by the following
equation:

(12)

The wear of the contact surfaces can be determined
using experimental data on the wear rate of friction
pairs under conditions of increased vibrations, accord-
ing to the following relationship:

(13)

A decrease in the actual tightening torque to or
below the minimum permissible value leads to a loss of
tightness of the f lange connection. According to [11],
the force on the gasket under operating conditions
corresponding to the minimum force required to
ensure the tightness of the f lange joint is determined
by the formula:

(14)

Using dependences (9), (12), and (13) and the data
of experimental studies, the change in the compres-
sion force in the f lange connection was calculated
depending on the number of vibration cycles (Fig. 6).
As can be seen from the data obtained, a reduction in
the compression force as a result of fretting below the
permissible value with the considered vibration
parameters will occur after 129980 cycles, which will
cause a depressurization of the f lange connection.

CONCLUSIONS

Analysis of the research results showed that when
assessing the consequences of the formation of vibra-
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Fig. 6. Change in the compression force of the paronite gasket of the f lange butt joint depending on the amount of vibration

cycles: Pcom a—actual compression force; Pmin—minimal force on the gasket to ensure tightness (fretting amplitude 32 μm, flange

conditional diameter 200 mm, rated gasket diameter 252 mm, gasket width 36 mm, gasket thickness 3 mm, kcom = 0.9, EP =

0.02 × 105 MPa).
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tion effects in pipeline systems, it is necessary to take
into account the wear of the contacting surfaces as a
result of fretting, which can develop in f lange joints,
valves, and at the points of attachment of pipelines to
supports. The vibration of the contacting surfaces of
gas transportation systems is characterized by the pres-
ence of low-frequency vibrations from 7 to 211 Hz with
a range of vibration displacements from 19 to 566 μm,
which forms various vibration amplitudes of the con-
tacting surfaces during fretting. A study of the wear
characteristics of various friction pairs showed that an
increase in the vibration amplitude leads to an increase
in the wear intensity of both metal–metal and metal–
polymer friction pairs. On the basis of experimental
data, linear equations were obtained for calculating
the wear intensity depending on the vibration ampli-
tude. The development of the fretting process in
f lange joints during vibration leads to a decrease in
the tightening force of bolted joints. Using the
obtained equations of wear rate, it is shown that it is
possible to predict the limiting service life of a f lange
joint under vibration conditions until the loss of
tightness is achieved.

NOTATION

GDS gas distribution station

ϕ relationship of the nominal contact area
to the nominal friction area is assumed
to be 1.0

F contact area, mm2
JOURNA
ρ material density, g/mm3

ΔL friction path, mm

А vibration amplitude, μm

А0 minimal vibration amplitude characteriz-

ing the beginning of the wear process
during fretting, μm

h wear depth, mm

S vibration displacement, μm

N amount of test cycles

rated gasket diameter, mm

effective gasket width, mm

compression pressure depending on the

gasket material, MPa

conditional gasket compression modu-

lus, Pa

Δh value of decrease in the thickness of the
gasket after compression, mm

gasket thickness, mm

gasket thickness before compression, mm

value of the gap between the inner sur-

faces of the f langes, mm (corresponds
to the thickness of the gasket after com-
pression)

compression coefficient

wear of flange–gasket contact surfaces, mm

gwD

0b

compq

gE

gh

gh

gaph

compk

sealW
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wear of contact surfaces “flange–bolt
head” and “flange–nut”, mm

Ii–i wear rate of friction pairs “i–I”, deter-

mined by equations (2)–(7)

Аf amplitude of displacement of contacting

surfaces during fretting, μm

N amount of loading cycles

m gasketal coefficient

p rated pressure in the pipeline, MPa
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