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Abstract. The results of simulation of resulting acoustic emission signals at friction surfaces of the composite
material were shown. It was shown that at increase of contact interaction area of the friction unit is increase of the
average amplitude of the acoustic emission, their standard deviation and variance. The approximation expressions for
the regularities of changes of the amplitude parameters of acoustic emission signals which are generated by the
increase of the contact interaction area of the friction unit were defined. The comparison of experimental results with
theoretical research was conducted. It was shown that the most sensitive parameter to change the contact interaction
area of the friction unit is the variance of the average amplitude of the formed resultant acoustic emission signal.
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1. Introduction

The research results of friction interaction between
surfaces of Composite Materials (CM), which are
carrying out in different countries shows their high
tribological characteristics. This makes more usable
of CM at friction units of aviation and space
assignment, transportation, shipbuilding and other
types of equipment. While the research and
monitoring of friction units of CM traditional
methods to analyze of such traditional characteristics
as coefficient of friction, friction torque, friction
coefficient, temperature in the zone of frictional
contact and others are widely used. At the same time
the fractographic research suggests different
mechanisms of surface layers fracture of friction
contact of CM including their brittle fracture. These
types of destruction significantly worsen tribological
characteristics of the friction units and accelerate the
transition to catastrophic stage of the wear. However
the fixation of initial stages of emergence of
processes which lead to catastrophic wear with help
of traditional methods is almost impossible. This is
due to their not high sensitivity to friction processes
which are developing in micro level.

The research of friction and wear of materials
with traditional structures and CM is carried out
with the use of Acoustic Emission (AE) method.
This research results show high sensitivity of such
method. Acoustic radiation which is registered in the
operation of the friction units is complex and its

interpretation in the scientific literature is absent.
Acoustic emission was characterized by continuous
transformation at all stages of friction and wear. It
is difficult to determine the regularities of change
and the informativeness of AE parameters, the
identifying of stable regularities with the processes
of friction and wear and the consequent difficulties
of developing methods of monitoring and
diagnostics of friction units. In terms of the
interpretation of AE information in friction and wear
are important theoretical research of acoustic
radiation formation. The difficulty of such research
is conditioned upon the presence of various
influenced factors. Their account of course is actual
scientific direction.

2. Analysis of sources and publications

In articles [Filonenko, Stadnychenko, Stakhova 2008;
Filonenko, Stakhova, Kositskaya 2008; Filonenko et
al. 2009] the model and simulation results of
acoustic radiation at friction of materials surfaces
with traditional structure were presented. The
formation of the observed acoustic emission during
fracture of secondary structures of type I and II, as
well as regularities of change of various factors —
loading of friction unit, speed of rotation, the
amount of material which came in plastic
deformation of the surface area of destruction and
others were considered. Also it was shown that
obtained results had good agreement with
experimental results.
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Theoretical research of acoustic radiation at
friction of surfaces with CM was reviewed in
[Filonenko et al. 2010]. The model of resultant AE
signal is based on the use of the FBM concept (fiber
bundle model) that is the representation of CM as a
set of elements which were the projections of
contact interactions that are destroyed at friction of
CM surfaces. This performance form is a contact
interaction area S, which is small and some

continued in time on the platform of surface area S
of CM (Fig. 1).

Fig. 1. Kinematic scheme of friction unit in the form
of rollers with terms of frictional contact:

V| — rotational speed of friction unit;

S — area of surface overlap of friction unit;

St — platform of surfaces contact in the area of friction
unit overlap;

d, m — linear dimensions of the samples

At working of friction unit within given area S,

the destruction of specified quantity of elements is
occured.

Physical and mechanical properties and the
dimensions are given to the elements of CM. Change
of contact interaction area in time is provided by
rotation speed of friction unit. Rotational speed and
load on friction unit with given size of the elements
define the regularities of change of equivalent stress
and the threshold stress of CM elements destruction
start.

Subject to terms and adopted approach that was
used to describe the resultant AE signal at friction
and wear of friction surface contact with traditional
materials [Filonenko, Stakhova, Kositskaya 2008;
Filonenko et al. 2009; Filonenko et al. 2010], the
resultant AE signal at surfaces friction with CM is
represented as follows

Up(t):ZUj(t_tj): (1)

where j — serial number of the j contact interaction
area(j=0,1,2, ..., m);
U,(t;) — AE pulse signal which is formed in the

J contact interaction area;

t; —time moment of j AE signal;

m — pulse number of AE signals on the length of
realization (time of friction unit working).

Model of AE pulse signal which is formed during
the destruction of CM with given size under the
influence of shear load was considered in
[Filonenko, Kalita, Kosmach 2012]. Model of AE
pulse signal is based on the usage of the concept of
FBM in the analysis process of destruction of the
CM under shear load [Raischel et al. 2005], taking
into account the kinetic of its development. The
expression for AE pulse signal [Filonenko, Kalita,
Kosmach 2012] was presented in the form

U(r) = Uyvolaut(1— aut)(1 - gyt ) — auty (1 - oty Y1 - gty ) Ix
| Jort-an(i-g Jan-at,(-a)(-g )]
¢ on—an(-gyor) —at(-an)1-gfap)]

—V, |

fo )
U,=N,Bd, - possible
displacement at instant destruction of elements;

Ny — initial quantity of CM elements;
B — coefficient of proportionality;

xXe

where maximal

8¢ — parameter which numerical value is defined

by form of single disturbance impulse at destruction
of single element (has the dimension of time);

o — speed of elements loading;

t, t, — respectively, the current time and start

time of the elements destruction;
g — coefficient which depends on geometrical
sizes of elements (area of cross-section and length);
r, v, — constants which depend on their physical

and mechanical characteristics.

In [Filonenko, Kalita, Kosmach 2012; Filonenko,
Kosmach, Kositskaya 2012; Filonenko, Kosmach
2012] simulation results of AE pulse signals at
influence of different factors were considered. It was
shown that the destruction of the CM with given
quantity of elements leads to the formation of the
AE signal which represent the video pulse. The basic
regularities of parameters change of AE signals at
different factors — speed of CM loading were
determined, its physical and mechanical characteristics,
dimensions of elements were destroyed.

In [Filonenko, Kalita, Kosmach 2012] was
conducted the research of resultant AE signals at
change of physical and mechanical characteristics of
friction unit of CM that is parameters which were
included in equation (2). It was shown that the
resultant AE signals are continuous signals.
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They can be characterized by some average level
of amplitude and value of its variation. Also the
regularities of change of amplitude and energy
parameters of resultant AE signals with increasing of
v, values were determined. While the simulations it

was supposed that the contact interaction area or the
quantity of elements N, in the area of contact

interaction remains constant.

In the real conditions at working of friction unit
the area of contact interaction can vary. Therefore
let’s conduct the simulations of resultant AE signals
that are generated by friction surfaces with CM
including the changes in the area of contact interaction.
In this case let’s define the basic regularities of
acoustic radiation change and let’s compare the
simulation results with experimental results.

In this article the simulations of resultant AE
signals which were generated by friction of CM
surfaces with growing of contact interaction area of
the friction unit will be carried out. It will be shown
that with increasing of contact interaction area of the
friction unit there is the growth of the average
amplitude level of the resultant AE signals and the
value of its standard deviation and variance. In this
case the variation of the average amplitude level is
growth ahead of its standard deviation and average
amplitude level and takes the part of most sensitive
parameter. It will be shown that the obtained results
of simulation have good agreement with
experimental results.

3. Results of researches

While simulation of acoustic emission let’s take into
consideration the terms of friction unit operation
similar to the ones discussed above (Fig. 1). We also
assumed that the change in the contact interaction
areas occurs in consistent manner that provides
constant rotation speed of friction unit. This means
that consistent manner is the formation of AE pulse
signals, which were described by expression (2).
Under such conditions, according to (1) the resultant
AE signal was represented as the sum of pulse
signals. These signals are formed at successive

moments 7, at sequential destruction of elementary
platform which consist on specified quantity of
elements N .

The time moment ¢, of AE pulse signals

appearance can be represented as stationary and
random components

t, = jAt, £3, 3)

where Atj — the time interval between the start

appearance of the next and previous j-th pulse AE
signal (determined by the rate of change or
destruction of contact interaction areas);

0 — random component at the time of each
subsequent occurrence of AE signal.

The insertion of a random component o is
conditioned upon possible instability of the position
of the contact interaction platforms S, (platforms

which are destroyed) in the area S of the surface
overlapping of friction unit, dispersion properties of
CM and other factors. These factors lead to the
appearance of some variation of occurrence time of
each subsequent pulse signal AE and change the
conditions of their overlap in time.

Simulation of the resultant AE signals will be
carried out in relative units, and all parameters
which were included in the expression (1), (2) and
(3) will be reduced to dimensionless variables. The

parameters O,, 7, &, & which included in
equation (1) in relative units take equal:

5, = 100000,
7= 10000,
g =0.1,

& = 500.

Start time of the elements destruction fo of CM
takes equal
fo =0.0006.

Threshold stress G, of destruction of CM

elements which corresponds to given time 7, let’s

determine from calculation of normalized regularity
of the equivalent stress changes in time, according to
the articles [Filonenko, Kosmach, Kositskaya 2012;

Filonenko, Kosmach 2012]. Values &, and 7, are
constant. The calculation results showed that the value
of the threshold stress destruction for fo =0,0006

in relative units is 6, =0,1984978263.

Quantity of elements N’ at each simulation step
was described by growing ratio ¢ that is the number
N
expression in the form

N'y=gN,,

where g — coefficient of quantity increase of CM

of elements was calculated by using of

elements;
N, — maximum quantity of CM elements.
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Values of coefficient ¢ will_be changed in the
range from 0,4 to 1,0.

Simulations will be carried out in two stages. In
the first stage we calculate AE pulse amplitude
signals in time according to (2) for given values of
N', (for given values of ¢ ). For obtained results

the length of formed AE signals was determined
based on which the parameters Afj and & were

chosen. In the second stage the amplitude of the
resultant AE signals in time, according to (1) was
calculated. We perform data processing with
analysis of regularities of resultant AE signals
parameters with increasing of values ¢ that is the

area of contact interaction.
The simulation results of the first stage are given
in Table in relative units.

The calculation results of the first stage of modeling

q 1 3, u, | &,10°
0,4 | 0,0006 | 0,19849782629 | 43,7 1,76
0,6 | 0,0006 | 0,19849782629 | 65,5 1,78
0,8 | 0,0006 | 0,19849782629 | 87,4 1,80

1 0,0006 | 0,19849782629 | 108,9 1,82

Note: § — coefficient which characterize the growth of the
quantity of CM elements; t~0 — start of CM elements

destruction; 60 — threshold stress of destruction start of CM

element; U m — maximum amplitude of formed AE pulse

signal; T . — duration of the formed AE pulse signal.

It should be noted that the duration of the leading
edge 7, of AE pulse signals during the growth of ¢,
as shown by the simulation does not change and is
equal to T,= 0.67-10° (in relative units).

The results of these calculations show that an
increase of ¢ is an increase of the amplitude and

duration of the AE pulse signal. Therefore, in the
second stage of simulation, the value of the time

interval Af ; between the appearance of the next and

previous AE signals (subsequent destruction of the
next and previous area of contact interaction)

G=04 let’s take equal AZ;= 1,3 x 10°. The value
& will change in the range of sizes from §=0to
5 = 5,0 x 107 in random manner. For other values
g the values Afj and & will be set proportionally
to the change of duration of AE pulse signals.

Results of the second stage of the simulation in
the form of regularities of the amplitude of the
resultant AE signals over time in relative units are

shown in Fig. 2. Simulation parameters: 0, = 10°,
7F=10% g= 0.1, &, = 0,1984978263, & = 500.
Start time of the destruction 7, of composite material
1, =0,0006. During the

processing of 5000 AE pulse signals was carried out.

The obtained results show that with the
increasing of contact interaction area the change in
the character of the resultant AE signals doesn’t take
place. They are continuous signals with highly
rugged form. With the growth § is the average

elements calculation

amplitude of the resultant AE signals and the value
of its spread.
Statistical analysis of simulation results in the

form of dependences of percentage growth (AZ , %)

average amplitude level U and its standard

.. . 2 ~
deviation S5 and variance s- at growth of ¢,

relative to their initial values at ¢ = 0,4 is shown in
Fig. 3.

Analysis of the regularities (Fig. 3) showed that
the increase in the average amplitude of the resultant
AE signal and its standard deviation with increasing
of g is well described by linear function in the

form

A =A +B,q,

U,s

where AZ- - respectively, the percentage increase

U.s
of U or S5 3

4, and B, — coefficients of approximating
expression.

Therefore the coefficients 4, and B, are as
follows:

— according to changes in average AE amplitude
level 4, =-234,64, B, =572,51;

— according to changes in standard deviation of
the AE average amplitude 4,=-241,66, B; = 590,37.

The correlation coefficients R for the regularities

of change 5 and S5 therefore, are as follows:

R=0,99911 and R = 0,999.

To confirm the results of theoretical studies the
experimental tests of the friction units of CM with
different areas of contact interaction surfaces was
conducted.
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Fig. 2. Graphs of the amplitude of the resultant AE signals in time according to (1) in relative units with
increasing of values g which characterize the area of contact interaction of friction unit of CM:

a—g=04;
b- G =06
c—q =0,8;
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Fig. 3. Graphs of changes in percent increase of average
amplitude level (M), its standard deviation (®) and
variance (A) with increase of ¢ relative to their initial

values at ¢= 0,4

4. Results of experimental research

For the experimental studies of AE signals that
generated at friction of surfaces with CM samples of
aluminum alloy D16 and steel 30HGSA were
manufactured. On both surfaces of the samples hard
facing based on carbide coating WK6 were coated.
Used samples were in the form of bush type (Fig. 4)
which had variable surface area of contact
interaction.

During research the area of contact interaction of
samples with steel 30HGSA the whole front of the
area was covered. For samples of aluminum alloy
were used with various areas of contact interaction
with WK6. They are characterized by overlapping
coefficient Kg, which is a ratio of the area of contact
interaction to the total surface area. In studies two
types of samples with values Kg= 0,25 and Ks= 1,0
(Fig. 4) were used.
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Fig. 4. Detail drawing of testing samples (a, b),
as well as their general view (c, d)

To obtain the required coefficient K preliminary
calculations with defining the specified size of the
width of the grooves on the working front surfaces
were performed. The choice of materials samples
was used due to their widespread in transmissions
aircraft, vehicle and engines.

Test samples were carried out by using structural
patterns of interaction of “disc — disc” on the
modernized testing machines SMT-1. According to
the test scheme (Fig. 5), one of the samples 1 of
friction unit was remained stationary, while the other
sample 6 was placed in the holder 5 of friction
machine and rotated with constant controlled speed.
Fixed sample was placed in the cartridge of loading
mechanism 4.

The process of studied friction unit loading was
carried out by using motors which were operated by
computer system. While research constant
conditions of friction were used. Rotational speed of
sample was v = 600 min”" and the axial load P was
P=300 N. Axial load was created by special
mechanism such as weight which was influenced on
the fixed sample 1 (Fig. 5).

As lubricating medium during experiments type
of lubricant M10H2K was used. Lubricant remained
constant and was 1,2 liter per hour. Feed of lubricant
in the zone of friction of surfaces was carried out by
using the pump system through the element 3
(Fig. 5).

Before test the surfaces of the samples were
manufactured by standard methods for study of
friction surfaces. The roughness on the working
surfaces of friction brought to values Ra < 0,48 um

and then held their washing in a solute of acetone
and further drying. For reproducibility of the results
of research the preliminary pre operate of samples
with defined coupling end of their working surfaces
in the contact area the value of which was not less
than 90% was conducted.

During testing of samples recording and
processing of formed AE signals were carried out.
For this purpose on the fixed sample 1 (Fig. 5) hard
fixed waveguide 7 was mounted.

5 6] (7 \8 \9

Fig. 5. Fragment of samples interaction during tests
with the registration of acoustic emission signals:

1, 6 — testing samples;

2 — fixing mechanism for sensor;

3 — feeding element for liquid lubricant

4 — fixed holder;

5 — movable holder;

7 — acoustic emission sensor;

8 — waveguide;

9 — coaxial cable

AE sensor was mounted on waveguide. Its
surface was greased by acoustic-transparent
lubricant like “Ramsay”. To permanence mutual
contact of surfaces of the waveguide and sensor the
special attaching mechanism 2 was used.

The signal from the output of the AE sensor via
coaxial cable 9 was amplified in the amplifier path
and came into the Acoustic Emission Diagnostic
Complex (AEDC). In studies analog-to-digital
converter of signals with sampling interval
At=11,41 £ 0,033 ms was used.

Processing and analysis of recorded AE signals
were carried out by using special software of AEDC.
Software of AEDC allows to storage recorded
information with the analysis of the main parameters
of AE signals: the average amplitude and energy
level, total energy accumulated and averaged total
energy, and their average values in the series of
experiments.
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The results of data processing can be performed
on display of regularities of AE parameters change
in time and conduct their analysis and translate the
obtained results into format encoding ASCII, which
is necessary for further statistical analysis of the
received information in software products for
mathematical processing.

Processing of AE data was carried out with
averaging. Averaging time was 15 ms. Insertion of
data is averaged due to large amounts of initial
information which was recorded at friction of
samples surfaces which need to save as file
structures. Studies have shown that data averaging
effects on the contribution of component processes
in resultant AE signal with minimal losses.

During the experiments the registration of
resultant AE signals was carried out under normal
wear of surfaces after stage of pre working at
constant temperature conditions in the zone of
friction and friction coefficient. In studies short-term
tests of interval analysis within 7,=50 s were
conducted.

The obtained results show that for the adopted
loading conditions (for given values of axial load
and rotational speed) of friction pair the registered
resultant AE signal is continuous signal with
chopped form. It is characterized by some average
amplitude level and value of its spread (Fig. 6).

U.B

2

L 1 " 1 L 1 L 1
0 10 20 30 40

5018

Fig. 6. The output resultant signals of AE:
1-Kg=0,25;
2- KS =1

The output resultant signals of AE which were
recorded during testing of friction unit of CM at
different areas of the friction surfaces overlap.
Rotational speed v = 600 min™, axial load P =300 N.

Statistical analysis of the data showed that for all
of conducted research the distribution of the
averaged amplitudes of formed AE signals with

probability of 0,95 is described by normal
distribution.

Conducted research showed (Fig. 6) that with
increase of contact interaction area between friction
surfaces of the CM at the stage of growth at normal
wear there is a growth of average amplitude of the
resultant AE signal and the value of its variation.

Let’s analyze the obtained data in terms of
informativeness of parameters of resultant AE
signals with definition of the average level, variance
and standard deviation. Length of the sample in the
analysis was the same and the number of intervals in
the length of the sample analysis was 4000.

Thus at study of friction unit with Kg = 0,25 the
average amplitude level of the resultant AE signal is

U=1,8 V, and the variance and standard deviation,
respectively, are equal to:

€ =0,00806 V> and ¢ =0,0898 V.

Further the data analysis was carried out with
respect to the values which obtained for Kg = 0,25.
Increased area of contact interaction in 4 times (that
is Kg = 1) leads to an increase of U to 35,55%
(U =2,44 V). This variance € is increased by
78,66% and the standard deviation ¢ is increased to
33,63%.

In Fig. 7 the results of processing parameters of
studied averaged amplitudes of resultant AE signals
in normalized form, depending on the area of mutual
overlap of friction surfaces which were recorded
during testing of friction units for Kg = 0,25 and Kg = 1

were presented. Rotational speed v = 600 min, axial
load P =300 N.

1.0

08 07377 0,74833
0,6

0.4

U

[ |

!

. &

,...

™l

At
5

Fig. 7. Level of averaged amplitude, variance and
standard deviation of AE signals

The results of experimental studies showed that
the most informative parameter of formed resultant
AE signal is the averaged amplitude variance, which
had the largest increase of value.
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5. Conclusions

The simulation results of acoustic radiation show
that at friction of surfaces of the CM continuous AE
signal was formed. This signal can be characterized
by an average level of amplitude and the value of
its spread (standard deviation and variance).
Simulations results showed that the increase in the
area of mutual overlapping surfaces of frictional
contact of CM leads to increase in the average
amplitude level of the AE and the values of the
standard deviation and variance.

Statistical analysis of the obtained data with
approximation dependences of the amplitude
parameters of resultant AE signals was conducted. It
was determined that changes percent increase
depending on the average amplitude and standard
deviations at growth of areas of mutual overlap of
the friction unit is good described by linear law. At
the same time the regularities of changes of percent
increase of average amplitude variance at growth of
areas of mutual overlapping surfaces were described
by nonlinear law.

Analysis and simulation results show that the
variance of average amplitude of the resultant AE
signal is the most sensitive to changes in the area
of mutual overlapping surfaces of friction unit
of CM.

In real experiment the results of theoretical
investigations of resultant AE signals at changing of
areas of mutual overlapping surfaces of friction units
were confirmed.

At the same time the parameters study of
averaged and the total energy of AE signals and
analysis of their rate of accumulation at changing of
the overlapping areas of mutual friction surfaces of
the CM generated the special interest.
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Po3risiHyTO pe3ysibTaTd MOJENIOBAHHS PE3YJIbTYIOUMX CUTHAIIB aKyCTHYHOI eMmicii mpu TepTi MOBEPXOHb 3
KoMITo3MLiiHOr0 Marepiany. [oka3aHo, o 3i 3pOCTaHHSM IUIONII KOHTAaKTHOI B3aeMOAil Map TepTs BiIOyBaeThCs
3pOCTaHHs CEPEeIHBHOTO PIBHS aMIUITYIN aKyCTHYHOTO BUIIPOMIHIOBAHHS, iX CTaHAAPTHHX BIAXHMJIEHb Ta JUCIEPCIM.
BusHaueHo ampokcHMylOWi BUpasd Ui 3aJIeKHOCTEH 3MIHM aMIUNTYIHHMX IapamerpiB (OpPMOBAHHX CHUTHAIIIB
aKyCTHYHOI eMmicii mpu 3pocTaHHI IUTONm[I KOHTAKTHOI B3aemomii mapu TepTsa. IlpoBemeHO TOpIBHSHHSA
eKCIIEPUMEHTAIEHUX PEe3yNBTATIB i3 pe3yJbTaTaMH TCOPETHYHUX MOCTiKEeHb. [loka3aHO, M0 HAMOLIBII YyTIUBUM
mapaMeTpoM A0 3MIHM IUTONIi KOHTAKTHOI B3a€MOJii Mapu TepTsS € AUCHepCis CepemHhOro pIBHSA aMILTITYAN
Pe3yIBTYIOYOTO CHTHATY aKyCTHIHOI eMicii.
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PaccMoTpeHbl pe3ysbTaTbl MOJAEIMPOBAHUS PE3YIbTUPYIOIIMX CHUTHAJIOB aKyCTHMUECKOHM OSMHUCCUM IpPU TPEHUHU
TIOBEPXHOCTEN M3 KOMIIO3UIIMOHHOTO Marepuaina. [lokazaHo, 4TO C pOCTOM IUIOIIAJAM KOHTAKTHOTO B3aMMOJICUCTBUS
nappl TPEHUS MPOUCXOJUT POCT CPEIHEr0 YPOBHS AMIUIMTYJbl AKyCTHUYECKOrO0 W3JIy4eHHUs, HMX CTaHAapTHBIX
OTKJIOHEHUH u gucnepcuid. OmnpeneseHbl anMpOKCUMHUPYIONINE BBIPAKEHUS I 3aBUCUMOCTEH HM3MEHEHHUS
AMIUTUTYAHBIX MapaMeTpOB (HOPMHUPYEMBIX CUTHAJIOB aKyCTHUECKOW 3MHUCCHHM IPH POCTE IUIOIMIAAA KOHTAKTHOI'O
B3aUMOJICHCTBUSL Mapbl TpeHus. I[IpoBeAeHO CpaBHEHHE HSKCIEPUMEHTAIBbHBIX pe3yJlbTaTOB C peE3yJibTaTaMu
TeopeTHdYecKux uccienoBanuii. [lokazaHo, 4To HawmboJiee UYyBCTBUTECIBHBIM MApaMETPOM K H3MCHEHUIO ILTOIIAIN
KOHTAKTHOTO B3aUMOJICHCTBUS TApbl TPEHHS SIBIIICTCS JUCIECPCHS CPEAHETO YPOBHS aMIUIMTYIBI (OPMHPYEMOTO
PE3YABTUPYIOIIETO CUTHAJIA aKyCTHYECKON 3MHUCCHUU.
KuiroueBble ¢j10Ba: aKkyCTHUECKask SMUCCHUS; aMIUIUTY1a; TUCHEPCHs; KOMIIO3ULIMOHHBIA MaTepualt; napaMeTp; CUTHa;
TpEHUE.
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