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Abstract. The model of acoustic emission signal formation during friction and wearing of surfaces of composite
materials was examined. The forms of acoustic emission resultant signals were shown. The regularities of parameter
change in acoustic emission resultant signals with an increasing rotation speed were determined according to the re-
sults of modeling. It was found that theoretical and experimental results of acoustic emission signals registered during

friction of composite material surface layers agree well.
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1. Introduction

Composite materials (CM) and CM coatings are widely
used in friction units. Studies on such friction units
show that the use of CM reduces the friction coefficient
and increases the wear resistance of friction contact
surfaces (reducing intensity wear and increasing service
life) (Takeshi et al. 2009; Koutsomichalis et al. 2009; Bria
et al. 2011). For the analysis and control of the CM-based
friction units the traditional characteristics will be used
(Bonny et al. 2007; Hong et al. 2011; Reddappa et al.

2011): the coefficient of friction, friction torque, friction
force, temperature at the friction contact area and other.
However, in practice, these features are sensitive to the
processes taking place at the stage of catastrophic wear
of the surfaces of frictional contact.

In recent decades, the method of acoustic emission
(AE) has become widely spread in the research on fric-
tion units. The method is applied to the friction units
made from traditional materials (Hase et al. 2009; Fi-
lonenko, Stadnichenko 2010; Fan et al. 2010) and the
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CM (Polok-Rubiniec et al. 2009; Dobrzanski et al. 2006;
Pakutfa 2011). The research results have proved the high
sensitivity of the method to the processes of friction and
wear of material surface layers. However, the problems
arise in the interpretation of the AE information (chan-
ging regularity of AE over time). This relates, first of all,
to the stage of normal wear and proximity to the stage
of catastrophic wear. At the stage of catastrophic wear a
sharp increase in the registered AE parameters is always
observed. Problems of interpretation of AE information
are caused by the significant amounts of AE data, high
resolution and sensitivity of the method to deformation
and destruction microprocesses within the surface layers
of materials. This refers to the friction units which are
made of materials with a crystal structure and CM.

It should be noted that AE information interpreta-
tion problems also occur due to the complexity of theor-
etical research on acoustic radiation which occurs during
friction and wear of materials’ surface layers. The models
and simulation of AE during friction and wear of friction
unit surfaces made of traditional materials are considered
in (Filonenko et al. 2008a, 2008b, 2009). The models are
based on the formation of acoustic radiation during the
destruction of secondary structures of types I and II. An
analytical expression that describes the AE resultant sig-
nal with the influence of various factors was obtained. The
simulation of AE resultant signals allowed determining
the regularities of their parameter change depending on
various factors: the load of friction unit, speed of rotation,
volume of plastic deforming material, surface damage
area and others. The regularities of parameter change were
observed at the stage of normal wear approaching cata-
strophic wear and at the stage of catastrophic wear. The
simulation results of the AE signals showed a good level of
compliance with the experimental results.

The theoretical research of AE during CM destruc-
tion under static loading conditions is considered in
articles (Filonenko 2011; Filonenko et al. 2010, 2012).
The models of AE are based on the destruction of CM
elements presented in the FBM concept (fiber bundle
model) (Turcotte et al. 2003; Shcherbakov 2002; Raischel
et al. 2005), and the kinetic regularities of the destruction
process (Malamedov 1970). The analytical expressions of
formed AE signals were received during CM destruction
under conditions of tension and operation of shear force.
This allows obtaining regularities of AE signal parameter
changes when modifying influential factors — speed load
changes, physical and mechanical characteristics of the
CM, the size of its elements, strength dispersion prop-
erties and others. The FBM concept, as noted in article
(Shcherbakov 2002), can be used as a simple model
when considering the CM wear of friction units. In this
case, the CM elements can be viewed as projections on
the frictional contact surface destructed by the shear

force. The research results received in (Filonenko et al.
2012) can be used to creating a model of AE resultant
signal that forms during CM wear.

The paper discusses a model of AE resultant sig-
nal formation during friction wear of CM-based contact
surfaces. The simulation of the AE resultant signal af-
fected by a number of factors will be carried out; also the
agreement with experimental results will be discussed.

2. Research results

Taking into account the FBM concept and the kinetics
of the destruction process, an expression for the formed
AE signal at the destruction of the given CM was presen-
ted in (Filonenko et al. 2012). It was considered that the
CM sample consists of N, elements of an identical size.
They are evenly distributed over the CM volume. It was
thought that the matrix does not influence the process
of the CM bearing capacity loss. By the apposition of
shear to the CM pattern, the bending moment m and
stretching effect F appear on its elements. We consider
that the destruction of the CM elements in the model
happens in a consecutive order. Besides, the external
load is redistributed evenly on the remaining elements
which are exposed to the same growing axial deforma-
tion. It is considered that the elements become destruc-
ted according to the “OR” rule when their deformation
reaches the definite threshold level, so that destruction
happens due to bending or stretching. Stretching and
bending can be considered independently or connected
by some expression. Under these conditions, we ob-
tained the expression for the AE signal by taking into
account the general expression for stress changes in the
case of independent uniform [0, 1] distribution:
1
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where Nj indicates the initial quantity of CM elements;
v, 7 - the constants depending on their physical and
mechanical characteristics; o - the speed of element
loading; t, t, — respectively, the current time and the
start time of element destruction; g - the coeflicient
which depends on the geometrical sizes of elements
(the area of cross-section and length); Uy=N,[3 6 - the
maximum possible displacement at instant destruction
of elements; B — the proportionality factor; 8 — the para-
meter, the numerical value of which is defined by a form
of a single disturbance impulse at the destruction of one

element (has the dimension of time).
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Expression (1) describes the AE signal formed dur-
ing the destruction of the given CM.

It is assumed that friction units with CM in the
form of rings or rollers are used (Fig. 1a, b). The surface
layers undergoing frictional contact in the friction unit
are limited to area S. The area of contact represents a line
of small width. It is assumed that the interface surfaces in
the square of S consist of ledges which represent CM ele-
ments (Fig. 1c). When considering the CM destruction
elements in the area S, the same initial conditions as in
article (Filonenko et al. 2012) are accepted: the quantity
of elements in conjugation is N; the elements are uni-
formly distributed over the interface surfaces, and the
elements have identical physical and mechanical charac-
teristics. It is considered that the matrix does not influ-
ence the process of CM element destruction. The contact
pressure of mating surfaces (elements) is provided by a
perpendicular axial load P. The load P is constant.

It is assumed that shear load ® was applied to the
friction unit. We will accept the conditions of CM ele-
ment destruction in area S provided in article (Filonenko
et al. 2012). The destruction of elements takes place ac-
cording to the “OR” rule (deformation of stretching or
bending); elements are deformed elastically by destruc-

T, ¥,

Fig. 1. A Kinematic scheme of friction units in the form of
rings (a) and rollers (b), a scheme of friction contact and an
idealized scheme of element destruction in the contact area
(c): V indicates rotational velocity, S - the area of contact
interaction; S; - the area on the contact surface; d - the size
of composite material element on the contact surface; I - the
length of the element; P, Py — indicate, respectively, the contact
pressure of surfaces and the element on the contact surface,
® - shear force
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tion; the destruction of the elements happens in a con-
secutive order; external load is redistributed uniformly
on the remaining elements; the threshold levels of de-
struction are independent and have a uniform [0, 1] dis-
tribution. It is assumed that applying shear load ® to
CM at a specified value P, the destruction of its elements
starts at the value of equivalent stress threshold level o, .

Under the indicated conditions, the element de-
struction in the area of contact interaction S will be ac-
companied by the formation of the AE signal described
by expression (1).

It is assumed that the friction unit rotates with
constant speed V. It provides continuous consecutive
change of contact interaction areas S, where j indicates
the number of areas. Then the destruction of each subse-
quent area S; will lead to the formation of the AE signal
described by expression (1). Under such conditions, the
AE resultant signal which can be expressed as the sum of
the signals generated by the destruction of each subse-
quent area S; will be formed:

Up(0)=30,0;), @)

where j indicates a serial number of the j contact in-
teraction area (j = 0, 1, 2, ..., m); Uj(tj) indicates the
AE pulse signal formed in the j contact interaction area
described by expression (1), f; - the time moment of j
AE signal occurrence.

The time moment of the occurrence of each sub-
sequent AE signal can be expressed as:

= jAt;, (3)

where At; indicates the time interval between the begin-
ning of the subsequent and preceding AE pulse signal
formation.

At a constant speed of contact interaction area vari-
ation and the destruction of all elements N, in the area
§ (Fig. 1a, b), the time interval At; of AE signal occur-
rence will be constant. Thus, all AE pulse signals will be
identical. If destruction of elements occurs in the vari-
able area S, (Fig. la, b) of the contact interaction area
S, the time interval At; will be variable depending on
the location of S, and its size (quantity of elements N
on area S ). In this case, the time moment ¢ ; can be ex-
pressed as:

t;=jAt; £, (4)

where & indicates a random component of the time mo-
ment of each subsequent AE signal occurrence. Thus,
formed AE pulse signals will differ among themselves,
i.e. the parameters of the formed AE signals will vary. It
is obvious that the time of AE signal occurrence shown
in expression (4) is the closest to real conditions of chan-
ging contact interaction areas and the destruction of ele-
ments in area S.
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The modeling of the AE resultant signal is carried
out according to (2), taking into account (4) for the fol-
lowing conditions. It is considered that the quantity of
the destroyed elements N, in each area S, (Fig. la, b)
is constant. Axial load P is constant as well, and the de-
struction of CM elements starts at the threshold stress of
destruction o, . When the friction unit is rotating, the
areas can change their event location in area S. Under
such circumstances, the staring time of the destruction
of each subsequent contact interaction area (the starting
time of subsequent AE signal occurrence), according to
(4), will be expressed as tj =t +j-Atj +3, where £,
indicates the starting time of the first contact interaction
area destruction, which corresponds to the threshold
stress of destruction o, .

When modeling, all parameters which enter into
expression (1) in the area are considered as relative units.
The following values of parameters v, 7, g ,and a are
accepted: U, = 100000; 7 = 10000; g = 0.1 and & = 100.
The value At; was equal to At; = 1.6x10°6. Value & will
be changed randomly within the range from 0 to 5x107.
The starting time £, of CM destruction and threshold
stress of destruction G, are assumed to be f,=0.0012
and &, =0.101941909. Values f, and &, were defined
according to the diagram of equivalent stresses changing
over time for the accepted parameter of CM loading
speed, according to article (Filonenko 2012).

The results of the AE resultant signal simulation are
presented in figure 2 in relative units. Figure illustrates
that the AE resultant signal is a continuous signal with a
very jagged form. The AE signal is characterized by the
average value of the amplitude and the value of its spread.

According to (1), the parameters of the AE pulse sig-
nals depend on several factors. Naturally, the change of
values of these factors affects the AE resultant signal para-
meters, according to (2). The modeling of the AE resultant
signals in relative units at an increased speed of friction
unit rotation is carried out. The same modeling conditions
as for the AE resultant signal, shown in figure 2 will be
maintained: O, = 100000; # = 10000; ¢ = 0.1. Axial load
P is constant, and the destruction of CM elements begins
at a threshold stress of G, = 0.101941909. The loading
speed of the friction unit will change from & = 200 to
a = 500. The step increments of & will be Ao = 100.
Increasing speed a will reduce the starting time of the
destruction of each subsequent contact interaction area.

Consequently, the starting time of the occurrence
of AE pulse signals will be shortened. In other words,
when increasing a for a given value G, the start time

f, of CM destruction and the time interval between the
beginning of subsequent and preceding formation of the
AE pulse signal will decrease. Values £, for each quantity
o were determined according to the diagram of equiva-
lent stress variation over time at G, = 0.101941909, in

. | | |

) ~
0.0012 0.0014 0.0016 0.0018 0.0020 ¢

Fig. 2. A diagram of acoustic emission resultant signal
amplitude variation over time in relative units during
friction of composite material surface layers, according to
(2). Simulation parameters: 60 =10% 7 = 10000; g =0.1;
a = 100; Gy = 0.10194. Starting time of the destruction
fO =0.0012; Afj =1.6x107; & indicates changes in the range

of values from 0 to 5x107

article (Filonenko et al. 2012). Their values were: for
G =200 - £, = 0.0006; for & =300 - #, = 0.0004; for
a =400 - f, =0.0003; for & =500 - f, = 0.00024.
Values At; with increasing o also decreased. Their
values were: for & =200 - At; = 1.1x10°% for & =
300 - Atj = 8.0x107; for & = 400 - Atj = 7.0x107;
for & =500 - At; =6.0x10 7. Value & will be changed
randomly for & = 200 in the range of values from 0 to
5x1077. For other & values the quantity & is reduced
proportionally to the decreased At; .

The modeling results of the AE resultant signal in
relative units for the accepted conditions are illustrated
in figure 3.

Figure 3 illustrates that with increasing & the
nature of the AE resultant signals does not change. The
AE signals are continuous signals with a very jagged
form. They are characterized by an average value of the
amplitude and the value of its spread. The results of the
average amplitude calculations U of the AE resultant
signal, its standard deviation s and variance s 5 in re-
lative units for each value are shown in table. When U,
SG and s2 parameters were determined, the length of
the sample was constant and consisted of 5000 values of
the calculated amplitudes.

Table. The parameter values of the acoustic emission resultant
signals

a U S5 s 5
100 28.8 8.4 70.6
200 67.5 19.2 368.6
300 118.2 24.8 615.1
400 162.2 40.1 1608.0
500 207.6 56.3 3169.7
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Figure 3 and table show that with increasing o the
average level of the AE resultant signal and values of its
standard deviation and variance also increase. However,
the greatest increase is observed in the average variance
of the AE resultant signal amplitude.

U
300

250

200

150

100

0.0010 F

0.0007 0.0008

a)

0.0009

0.0005 0.0006 0.0007 0.0008 £

b)

s0F

0 —
0.0003 0.0004 0.0005 0.0007 ¢

<)

0.0006

i

0.0003 0.0004 0.0005 0.0006

Fig. 3. A diagram of AE resultant signal amplitude variation
over time, in relative units during friction of CM surface layers,
according to (2). Simulation parameters: U, = 1000000; 7 =
10000; § = 0.1; &, = 0.101941909. Values &, f, and A
are:a) & =200, i, = 00012, Af; = 1.1x10%b) & =300,
fy =0.0006, AT; =8.0x1075¢) & =400, F, =0.0004, AT, =
7.0><10:7; d) & =500, t, =0.00024, Atj =6.0x1077. The initial
value § varies randomly in the range from 0 to 5x10~7
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Therefore, with a increasing twice (from 100 to
200), values U, s= and s2 increase, respectively, 2.35,
2.30 and 5.22 times. Wi_thUd increasing 3 times (from
100 to 300), the values U » 8z and 55 increase 4.1, 2.95
and 8.71 times respectively. With & increasing 4 times,
the values U, Sz and s 5 increase 5.63, 4.77 and 22.77
times. With o increasing 5 times, the values U , Sz and
s 2 increase 7.20, 6.70 and 45.28 times.

The dependence of the average amplitude changes,
its standard deviation and variance are illustrated in fig-
ure 4. Figure illustrates that with increasing friction unit
rotation speed the increase of the AE resultant signal
average amplitude and its standard deviation is almost
linear. The increase of the average variance of the AE res-
ultant signal amplitude is not linear.

Zy

3000 4

2500

2000

1500 4

T T T ' T T T
1] 100 200 300 400 500 [

Fig. 4. Dependence of changes in AE resultant signal
parameters ( Z ) with increasing friction unit rotation speed
of CM: 1( e ) — average amplitude; 2 ([7) - standard deviation
of average amplitude; 3 (A) - average amplitude variance

The research results showed that during experi-
mental research with increasing friction unit rotation
speed, the average level of the AE resultant signal, its
standard deviation and variance should increase. The
greatest increase is expected in the average variance of
the AE resultant signal.

3. Experimental research

Experimental research of AE during CM surface layer
friction was conducted on a modernized universal fric-
tion machine SMT-1. The operation of the test machine
was controlled by a personal computer and specialized
software. The software sets and controls the axial load on
a friction pair and its rotation speed. The tests measure
the friction moment and temperature in the frictional
contact zone.

Cylindrical samples of a “bush” type with work-
ing front surfaces were used for the tests (Fig. 5). The
testing of samples for wear was performed by using the
“disk - disk” construction arrangement of interaction.
The samples chosen were from aluminum alloy D16
with a CM WC6 coating (hard-alloy coating) and steel
30CMSA. When testing, one of the samples was fixed,
and the other sample was mounted on the spindle of the
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SMT-1 machine and was rotated at a preset speed. The
rotation speed of the tested sample was: 500 rpm and
800 rpm. The axial load on the friction pair was kept
constant and was equal to P = 450 N.

The AE signals were registered and processed dur-
ing friction pair testing. The AE sensor was mounted
on the fixed sample. The electrical signal from the AE
sensor output enhanced in the amplification path and
was recorded by the acoustic-emission complex (AEC)
of the mobile computer. The AEC software allows the
recording and processing of the AE signal parameters
(amplitude, energy, power, average characteristics, etc.),
saving signals, drawing conclusions on and analyzing the
graphical output relationships with data transmission in
Windows mathematical applications.

alloy D16

s steel 30CMSA

Fig. 5. The interaction scheme of friction unit samples:
P indicates axial load; V' - rotation speed

During the experiments, the AE signals were re-
corded under normal wear. The sampling interval of the
input signal (analogue signal to digital code transform-
ation) was equal to 10 microseconds. For further pro-
cessing of the AE signals average amplitudes were used.
The averaging time was 15 milliseconds.

The research results are illustrated in figure 6 as
diagrams of average amplitude variation of AE result-
ant signals during friction of CM surfaces layers. Figure
illustrates that the AE resultant signals are continuous
signals with a very jagged form. They have an average
level of amplitude and value of its spread. In this case,
the increasing friction pair rotation speed increases the
average level of the amplitude, as well as the value of its
standard deviation and variance. The processing of the
obtained data showed that when the friction pair rota-
tion speed is at 500 rpm, the average amplitude of the AE
resultant signal is Uy, = 1.72 V. In this case, the stand-

o - . ) .
ard deviation s, and variance s 2 of the amplitude

are: s-. . = 0.1458 V; Sﬁsoé =0.02126 V2. When the

U500
friction pair rotation speed is 800 rpm, the average amp-

litude of the AE resulting signal is Uy, = 3.41 V. The

standard deviation s;,

litude are: sgy,, =0.2454'V; 5680(2) =0.0602 V2,

. ) )
and variance s 2 of the amp

Uuv

4.0 4

3,5

304

25+

0 10 20 30 40 50 1,s

Fig. 6. AE resultant signals recorded during tests of the friction
pair with a CM coating wear at different rotation speeds.
Rotation speed: 1 — 500 rpm; 2 — 800 rpm. The axial load on
the friction pair was 450 N

The results of the calculations show that the in-
crease of the friction pair rotation speed from 500 rpm
to 800 rpm (1.6 times) leads to a 1.98 time increase of
the AE resultant signal average amplitude. In this case,
the standard deviation and variance of the average amp-
litude increases, respectively, 1.68 and 2.83 times. Appar-
ently, the experimental results agree well with the theor-
etical ones.

4. Conclusions

The model of acoustic emission signal formation dur-
ing friction and wearing of composite material surfaces
was examined. According to the developed model, the
simulation results showed that the AE resultant sig-
nal is a continuous signal with a very jagged form.
The formed AE signal is characterized by the average
value of the amplitude and the value of its spread. The
increase in the friction unit rotation speed increases
linearly the AE resultant signal average amplitude and
its standard deviation. At the same time, the increase
in the AE resultant signal average variance amplitude is
not linear. The greatest increase in the AE signal para-
meters is achieved for the AE resultant signal average
variance.

The experimental results of the recording and pro-
cessing of AE resultant signals in CM surface layers dur-
ing friction of WC6 type agree well with theoretical stud-
ies. The recorded AE signals are continuous signals with
a very jagged form. The constant axial load value applied
to the friction pair increases the average amplitude, the
value of its standard deviation and variance due to in-
creasing speed. The greatest increase in the AE resultant
signal average variance has also been described.
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