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Abstract: Pin connections are one of the most important connecting forms and they have been widely
used in engineering fields. In its service, pin connections are subject to wear, and it will be beneficial
if the health condition of pin connections can be monitored in real time. In this paper, an acoustic
emission (AE)-based method was developed to monitor wear degree of low rotational speed pin
connections in real time in a nondestructive way. Most pin connections are operated at low rotational
speed. To facilitate the research, an experimental apparatus to accelerate the wear test of low rotational
speed pin connections was designed and fabricated. The piezoceramic AE sensor was mounted on
the test apparatus in a nondestructive way, and it was capable of real-time monitoring. Accelerated
wear tests of low rotational speed pin connections were conducted. To verify the results of the AE
technique, a VHX-600E digital (from Keyence, Osaka, Japan) microscope was applied to observe the
micrographs of the tested pins. The experimental results show that AE activity existed throughout
the entire wear process, and it was the most prominent in the serious wear phase. The wear degree of
the pin connections can be reflected qualitatively by the signal strength and the accumulative signal
strength of the AE signals. In addition, two different wear forms can be distinguished by comparing
the signal strength values of all specimens. Micrographs of all specimens confirm these results,
and determine that the two wear forms include adhesive wear and abrasive wear. Furthermore,
AE results demonstrated that adhesive wear is the main mode of wear for the low rotational speed
pin connections, and the signal strength of the adhesive wear is around 190 times larger than that of
abrasive wear. This feasibility study demonstrated that the developed acoustic emission technique
can be utilized in the wear monitoring of pin connections in real time in a nondestructive way.

Keywords: piezoceramic; acoustic emission (AE); pin connections; monitoring of pin connections;
wear form; adhesive wear; abrasive wear

1. Introduction

Pin connections, as one of the most common forms for rotational connections, have many
advantages, such as low cost and ease of assembly. Compared with other connection forms,
pin connections allow for relative rotation of the structural component to different degrees [1].
This paper studied pin connections with working conditions at low rotational speed, and these
low rotational speed pin connections have been widely used in suspension bridges and wind turbines
among others. As a matter of fact, most pin connections involve low rotational speeds, since, for a
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high rotational speed, often more sophisticated bearings will be used to reduce the friction. However,
continuous operation without proper lubrication may cause serious wear on the surface of the pins,
and this may result in the eventual failure if not detected in time. The traditional method of detecting
abnormal wear involves human inspection, whose outcome mainly depends on the experience of the
inspector, who judges the health condition of the pin connections by listening to the sound of the
pin connections in motion. Human inspection can only be conducted within a time interval, and the
results are qualitative and may be polluted by human error. Therefore, an effective nondestructive
method for monitoring the health of pin connections in real time is necessary. With the recent
advances in structural health monitoring (SHM) [2-8] and nondestructive evaluation (NDE) [9,10],
many monitoring and evaluation methods, such as modal characteristics-based methods [11-13],
active sensing [14-20], electromechanical impedance [21-25], ultrasonic guided wave [26], active
thermography [26-28] and vibrothermography [29,30], among others, are available. Among them,
acoustic emission technique [31-37] is an effective nondestructive technique that can characterize
the wear process [38,39], and it has been widely used in civil engineering [40-43], mechanical
engineering [44-50], and mine engineering [51,52], among other fields [53-59].

Acoustic emission (AE) is the transient elastic wave caused by the rapid release of energy of
materials, due to the process of the deformation or fracture of the materials under stress [60-62].
As this phenomenon occurs inside materials, the AE technique can reflect the interior damage
information of materials [44,63], and it has found a wide range of applications. Compared with other
non-destructive testing approaches, using a highly sensitive piezoceramic probe, the AE technique
is more sensitive to material damage, and it is suitable for continuous health monitoring in real
time [17]. For example, researchers have extensively applied AE techniques to monitor concrete
structures [43,64-68]. Aldahdooh et al. [41] and Prem et al. [69] demonstrated that AE technique was
an effective technique to monitor the damage process of reinforced concrete. EI Batanouny et al. [70]
revealed that AE technology was more sensitive than the evaluation criteria in ACI 437, and found
that damage quantification charts were based on the failure procedure of pre-stressed concrete beams.
Hay et al. [71] applied an acoustic emission technique to monitor the connection parts of a bridge.
In recent years, there is an emphasis on the monitoring of various structures in real time, and many
innovative algorithms [72-79], sensors [14,80,81], and systems [82-86] have been developed for such
a purpose. An AE sensor is normally small, and it can be easily attached to the host structure for
real-time monitoring in a nondestructive way [81,87-90].

Researchers have applied acoustic emission techniques to detect wear [91-96]. Bhuiyan et al. [97]
used an acoustic emission technique to investigate the frequency of tool wear, and found that the
frequency of tool wear is distributed between 67 kHz and 471 kHz. Korchuganov et al. [98] studied
the relationship between AE signals and wear modes when a steel sample slid on the surface of
a diabase stone. Wear forms include abrasive wear [99], adhesive wear [100], erosive wear [101],
fatigue wear [102], and corrosive wear [103]. Among the five wear forms, abrasive wear and adhesive
wear are the main forms of wear that may occur in the pin connections. Abrasive wear is the most
common form of wear. When a hard and rough surface or hard particles slide on a soft surface, plastic
deformation and fracture will occur on the soft surface and cause abrasive wear. Adhesive wear occurs
in surfaces with both dry friction and lubricated friction. When a relative slide occurs between two
solid surfaces, shear is exerted on the asperities that are distributed on the surface. Then particles
are detached from one side and transferred either permanently or temporarily to the surface of
other side. Many researches had paid attention to abrasive wear and adhesive wear. For example,
Hase et al. [99,100,104] investigated the quantitative relationships between AE signals and the state of
wear in adhesive wear and abrasive wear, and proposed that the frequency peaks of adhesive wear
and abrasive wear were around 1.1 MHz, and from 0.25 to 1.1 MHz, respectively. Hisakado et al. [105]
found that the mean friction coefficient increased with the mean AE event counting under the various
lubricated conditions.



Appl. Sci. 2018, 8,1775 30f16

Extensive efforts have been dedicated to studying the monitoring of connection
components [106-111]. However, there are few studies that focus on the wear process of pin
connections. The purpose of this study is to explore the feasibility of monitoring the wear degree of
pin connections in real time by using the AE technique. To facilitate the research, an experimental
apparatus to accelerate the wear test of pin connections was designed and fabricated. Accelerated wear
tests of a pin connection were conducted. To verify the results of AE technique, a digital microscope
was employed to observe the micrographs of the tested pins. The signal strengths of the AE signals
were first used to analyze the wear degree of the pin connections. Two different wear forms can be
distinguished by comparing the signal strength from four specimens. To verify the results based on
AE analysis, surface micrographs of the pins are analyzed. The results showed that the AE signal
strength is a good indicator to judge the wear degree of low rotational speed pin connections, and that
it can be used to monitor the wear process of pin connections. Experiments also reveal that the main
wear forms of low rotational speed pin connections in this research include abrasive wear and the
adhesive wear. Furthermore, AE results demonstrated that the adhesive wear is the main wear form of
pin connections, and the signal strength of the adhesive wear is around 190 times larger than that of
abrasive wear.

2. Experimental Setup

2.1. The Specimen

To assess the performance of AE technique in monitoring the wear process of low rotational
speed pin connections, four specimens of pins were fabricated. Its dimensions are shown in Figure 1.
The material of the specimens was high speed steel (HSS), which is widely used to manufacture pins,
bolts, and other machine parts. Considering that HSS is a common material to manufacture pins,
this paper chooses HSS as the material of the pins. The chemical compositions of the specimens
are summarized in Table 1. In addition, since the experiment was to study the wear process of low
rotational speed pin connections, the force applied on the specimens was low, and it could not cause
shear failure. The name of lubricant used in the experiment was #3 lithium base grease, which is
made of lithium hydroxy fatty acid, medium viscosity mineral lubricating oil, antioxidants, and others.
Since the mechanical stability, antioxidation, and antirust stability of #3 lithium base grease are
excellent, it has been widely applied in water pumps, blowing machines, motors, and others. Before a
test, the #3 lithium base grease would be evenly applied on the exterior surface of pins, and on the
inner face of the U-shaped parts and the circular parts.

Table 1. The content of trace elements in specimens.

Elements C Mn P S Si Cr Ni
Proportion <0.07 <2.00 <0.035 <0.030 <1.00 17.00~19.00 8.00~11.00

l o s | . _ _ . . _ I
| <t
™| —
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Figure 1. Dimension of pin (mm): (a) Side view; (b) front view.
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2.2. AE Test Equipment and Procedure

Wear testing of low rotational speed pin connections were performed by using the experimental
setup, as shown in Figures 2 and 3. The test stand included the pin, the U-shaped part, and the circular
part, as shown in Figure 2. Their material was (HSS). The chemical compositions are summarized
in Table 1. The U-shaped part and the circular part were connected by the pin. Obviously, the wear
occurred on two different areas: The first area was the contact surface between the pin and the
U-shaped part, and the second area was the contact surface between the pin and the circular part.
Furthermore, there were five bolts around the test stand (as shown in Figure 3); four of them were used
to fix the U-shaped part to prevent it from shaking violently, and another bolt was applied to avoid
the pin sliding along the hole. The pin was driven by the motor, whose rotational speed was 30 rpm.
This rotational speed was set to accelerate the experiment. There were four sets of pin-connected
components, and each pin-connected component included a pin, a circular part, and a U-shaped part.
Before a new test, the used pin-connected component was replaced by a new set of pin-connected
components. When a serious wear occurred in the contact surface between the pin and the connected
components, the rotation of the pin might be jammed, and the stranded wire might be pulled off.
To avoid such a situation, experiments were stopped after serious wear occurred. If no serious wear
occurred, the experiment duration was controlled to around 10 h.

[ _~Bolt

_-Steel arm

Sensor
Transducer. _
\ _U-shaped part
Motor-. \ N /L ~Circular part
J—H» N | "Bolt pin
AN 74

_~Stranded wire

Test stand

Close-up view

U-shaped part

Circular part

Figure 3. Photos of the experimental apparatus.
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A PCI-2 8-channel system (from Physical Acoustic Corporation, Princeton, NJ, USA) was used to
collect the AE signals. AE signals generated by the wear processes between the pin and the contact
parts were detected by the piezoceramic AE sensor mounted on the upper surface of the U-shaped
part. The piezoceramic AE sensor used in the experiment was R6a, whose frequency is from 35 kHz
to 100 kHz, and whose resonance frequency is 55 kHz. The AE sensor was attached to the host
structure in a nondestructive way, and it is capable of real time monitoring. The couplant was Vaseline,
which can improve the coupling quality, and the pencil lead breaks method was used to check the
coupling condition of the sensor. The results of pencil lead breaks showed that the amplitudes in
four specimens were both 99 dB, which means high coupling quality. The acoustic emission waves
caused by wear spread in the pin and the U-shaped part were collected by the sensor. When acoustic
emission waves passed the contact surfaces between the pin and the U-shaped part, the phenomena of
reflection, refraction, and attenuation occurred, which caused a portion of energy loss between the
incident acoustic emission waves and the transmitted acoustic emission waves. Since the materials of
the pin-connected components were same, the attenuation ratio was constant during the wear process.
Moreover, during the wear process, the contact surfaces between the pin and the connected parts were
squeezed tightly; therefore, the attenuation of the AE signals was low. When severe wear caused high
energy incident acoustic emission waves, the energy of the transmitted acoustic emission waves also
became larger. Therefore, the AE signals collected by the sensor reflected the wear degree of the pin.

Meanwhile, mode 2/4/6 pre-amplifiers (Figure 4) were chosen to amplify the AE signals collected
by the Ré6a sensor, and its gain was set to 40 dB. To shield the signals from low-amplitude background
noise, a threshold was set. Usually, the threshold was 45 dB, which meant that only these AE signals
whose amplitude was over 45 dB could be collected by the PCI-2 system. A diagram to illustrate the
instrument connection is shown in Figure 4.

AE sensor

swoe (YMISTRAS  rouen [ |

-------- SIGNAL
S chels b
INPUT 246 A
$ ISELECY PREAMPLIFIER
de =
) 1:-

DIFFERENTIAL. “ g : i' |

A £}

1

2/4/6 pre-amplifiers
Figure 4. A diagram to illustrate the instrument connection for acoustic emission.

2.3. Inspecting the Pin Surface by Digital Microscopy

A VHX-600E digital (from Keyence, Osaka, Japan) microscope (as shown in Figure 5a) was used
to observe the worn surface of the pins, and to create the 3D models of the worn surfaces. The scope
had a varying-focus lens from 20x to 200, and the observation range was from 19.05 to 1.14 (mm).
When the specimen stage moved 15 mm, the repeat position precision was £0.5 pm. A V-shaped
support was used to support the pin (as shown in Figure 5b).
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(b)

Figure 5. VHX-600E digital microscope: (a) Close up of the VHX-600E digital microscope; (b) The
V-shape support.

3. Results and Analyses

3.1. Results from AE and Analyses

In the AE technique, energy [112,113], ringing counts, and amplitude [114] are commonly used to
study damage characteristics of materials. However, the measuring ranges of energy and amplitude
are related to the gain of pre-amplifier. In this experiment, the gain of the 2/4/6 pre-amplifier was set
to 40 dB, which rendered the upper limit value of energy and amplitude to be 65535 aj and 100 dB
respectively, and these could not meet the requirements of the experiment by analyzing the previous
experiments results. Another AE parameter—the signal strength [115], which is mathematically
defined as the integral of the rectified voltage signal over the duration of the AE waveform packet,
was not only more sensitive but also had larger measuring ranges. Its measuring range was from
3.05 pVs to 13.01 mVs, and the results of the experiment showed that the maximum signal strength
was 3.674 x 10° pVs. Therefore, the measuring ranges of the signal strength met the requirements of
the experiment, and it was used as an evaluation value.

Figure 6a—-d shows the signal strength and the accumulative signal strength of the four specimens,
respectively. In these figures, since the number of data from the low rotational speed pin connection
wear was over 1,000,000, each blue dot represents the maximum signal strength in a period of 1 s.
The red line represents the accumulative signal strength.

At the beginning of the experiments (the OA phase), the four specimens showed a similar behavior.
The values of the signal strength and the rise rate of the accumulative signal strength were relative
low (Figure 6). This is because that lubricant was sufficient and distributed evenly between pins
and the connection components, which reduced direct contact between them. However, some small
fluctuations occurred in this phase, and the reason will be explained in the discussion section. With the
reduction of lubricant during the test period, the contact area between pins and connection components
increased gradually, and slight wear occurred in the AB phase. In this phase, the value of the signal
strength showed slight increase, and it reached the maximum in the third and the fourth specimens
(9.475 mVs and 19.08 mVs respectively, as shown in Figure 6¢,d). The rise rate of the accumulative
signal strength was higher than that in the previous stage, which was observed in four specimens,
as shown in Figure 6a—d. In the BC phase and the DE phase (as shown in Figure 6a,b), the value of the
signal strength increased dramatically and reached maximum in the first and the second specimens
(3.28 x 10° mVs and 3.674 x 103 mVs, respectively). Meanwhile, the rise rate of the accumulative signal
strength also increased dramatically. Obviously, serious wear occurred between pins and connection
components in this phase. Moreover, between the BC phase and the DE phase, the AE signals fell to
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the level of OA phase, as shown in Figure 6a,b, which means the running-in period of some contact
areas ended; however, other contact areas might still be in the running-in period.

Among the four specimens, the first and the second specimens both experienced slight wear and
then serious wear; however, the third and the fourth specimens only had slight wear based on the
analysis of Figure 6. Meanwhile, the accumulative signal strength tendency in the third and the fourth
specimens was similar to the initial stage tendency in the first and the second specimens. Therefore,
it can be inferred that the third and the fourth specimens would also experience serious wear if
extending the experiment time. Different surface roughness and uneven lubricant distribution on
surface of pins may cause this phenomenon. Furthermore, different wear degrees may mean that
there exist different wear forms in the wear process of low rotational speed pin connections, and this
prediction was verified by micrographs of the surfaces of the pins.

T
=

4000

4000 T T T T
+ Signal Strength _ * Signal Strength .
Cumulative Signal Strength ; Cumulative Signal Strength s + ;
* =1 =1
5 : I s g
E * g E 5
= * = = =
'ﬁ) % & ﬁ) &
g 200} qm & 5 2om Z
g * ) = 8
w2 ; w © w
: :
20 = .20 g
w = w =
= =
E E
=1 =1
&) &)
04 04
0 . 15 2 . a 0.8 1
Time(s) ¥ 10* Time(s) 10
(a) (b)
10 T T 200 20 T T T 2000
#* + # Signal Strength
+ ’zé?/ Cumulative Signal Strength ’g
—_ + Signal Strength = — S
2] . . oy m &l
= Cumulative Signal Strength = = g
) g g g
5 e |3 3 :
[ [
E 5k + i g E 1 5
b7 i* * w 7S 2
T R . ¢
& L e g g =
@ i b = ) =
1§ L, o g E
= =
&) 5 &)
o i 0 o : e
1] 05 1 15 2 25 3 35 4 2
Time(s) w10’ Time(s 1ot
(0) (d)

Figure 6. The signal strength and the accumulative signal strength: (a) The first specimen; (b) the

second specimen; (c) the third specimen; (d) the fourth specimen.

3.2. Analyses Based on Surface Micrographs

As shown in Figure 7, the surfaces of the four worn specimens had grooves that were visible to
the naked eye. Detailed information is summarized in Table 2. There were similar distributions of
grooves on the middle of the first, third and fourth specimens surface (Figure 7). However, the number
of grooves was different. The first, the third, and the fourth specimens, respectively, had 12, three,
and four obvious grooves. Considering the size and location of the U-shaped part and the circular
part, it was found that wear occurred in the contact area between the circular part and the pin.
In contrast, three obvious grooves were distributed on the end of the second specimen surface (Figure 7),
which means that wear occurred in the contact area between the U-shaped part and the pin. Rough
surface and uneven lubricant distribution may cause the phenomenon.
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Figures 8-11 are micrographs showing the wear track of the pin specimens. The different
wear forms, including abrasive wear and adhesive wear, can be identified from these micrographs,
which verify the prior prediction of different wear forms at the end of Section 3.1. There were some
obvious grooves in the third and the fourth specimens (Figures 10 and 11), and these grooves were
along the rotation direction of pins, and they distributed on the surface of the pins. Obviously,
the characteristics of these wear were similar to that of abrasive wear that has been described in the
introduction; therefore the type of damage was abrasive wear, and the average depths of wear in the
third and fourth specimens were 2060.7 pm and 2235.3 um, respectively. On the other hand, the surface
of the first and the second specimens (Figures 8 and 9) were rough, and the trails of the transfer
particles adhering to the surface could be seen, and different depth pits distributed here. The reason for
this was that during the process of rotation, the surfaces of pins were repeatedly squeezed, and some
debris would be peeled off from the surface. Meanwhile, grooves could also be found on the surfaces
of the first and second specimens. That meant that the damage of the first and the second specimens
were associated with not only abrasive wear but also with adhesive wear. Moreover, the average
depths of wear in the first and second specimens were 2190.375 um and 2137.925 pm, respectively.
Comparing the average depths of wear in all four specimens, it was found that the average depth of
wear was similar in this experiment.

grooves

grooves

o e — L e e s s

e S - 6 WO e e S ELER]

Figure 7. Worn surfaces of specimens.

Table 2. Grooves on the surface of pins.

Specimens No Grooves Location (Distance from the Numbers of Average Depth of
) End Connected to Motor) (mm) Obvious Grooves Wear (um)
1 40.1-47.7 and 65.7-72.2 12 2190.375
2 11.1 3 2137.9
3 40.35 and 66.6-70.15 4 2060.7
4 41.6 3 2235.3
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Figure 10. Micrographs of the third specimen: (a) 2D micrographs; (b) 3D micrographs.
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Figure 11. Micrographs of the fourth specimen: (a) 2D micrographs; (b) 3D micrographs.

4. Discussion

Influenced by various kinds of factors, such as loads, rotational speed, and lubrication condition,
the wear process of low rotational speed pin connections is long and complicated. However, the wear
forms of pin connections can be distinguished by an acoustic emission technique in this experiment.
Comparing the results of the AE signals and the results of the micrographs, it can be found when
only abrasive wear occurs on the surface of pins (such as on the third and the forth specimens),
the signal strength value is low (their values are 9.475 mVs and 19.08 mVs respectively). By contrast,
when adhesive wear occurs on the surface of pins (such as the first and the second specimens),
the signal strength value is much larger than in abrasive wear (in the first and second specimens,
their signal strength value is 3.28 x 10° mVs and 3.674 x 3 mVs respectively, which is around 190 times
larger than that in the third and fourth specimens). This means the value of the signal strength of
adhesive wear is much larger than abrasive wear, which is in agreement with the results of [102].
Therefore, adhesive wear is the main mode of wear in low rotational speed pin connections, and it can
seriously affect the health condition of low rotational speed pin connections. Furthermore, analyzing
the occurring time of abrasive wear and adhesive wear in this experiment, it is obvious that abrasive
wear occurs in the early stage of the first and the second specimens, and in the whole process of the
third and the fourth specimens, this can be demonstrated by the clear grooves on the surface of the
four specimens in the micrographs, and the signal strength value, and the adhesive wear that occurs in
the later period of the first and the second specimen. This means that abrasive wear may occur before
adhesive wear in this experiment, and the reason for this should be further studied.

On the other hand, the value of the signal strength slightly increased before the appearance of
adhesive wear. This is because at the beginning of experiment, particles of abrasive wear originate from
the lubricant [116], and they are small in size, causing only slight wear. With the reduction of lubricant,
the minute bumps on the surface of the specimens or the hard particles detached from the surface of
specimens become the main reason for abrasive wear, which causes more serious wear. In conclusion,
it can be seen that the signal strength is sensitive to the wear degree of the pin connections, and it
can identify the adhesive wear and abrasive wear by comparing their signal strength value; hence,
the signal strength is suitable for monitoring the wear degree of the pin connections.

Furthermore, the rotational speed may be different in actual engineering, which may cause
different characteristics in AE signals and wear modes. However, when a severe wear occurs,
the released energy will increase dramatically, which causes the strength of AE signals to increase
dramatically. Therefore, the signal strength of the AE signals can still be used to detect the wear degree
of different rotational speed pin connections. In addition, whether wear modes are influenced by the
loading level and rotational speed shall be studied in the future.
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5. Conclusions

The lack of literature in the monitoring of the wear of pin connections motivated this research
work. In this paper, a new approach to monitor the wear process of pin connections using the AE
technique was proposed. An apparatus to conduct accelerated low rotational speed pin connections
wear test was designed and fabricated. The AE sensor was mounted on the test apparatus in a
nondestructive way and was capable of real time monitoring. In addition, to verify the results of
AE technique, a digital microscope was employed to observe the micrographs of the tested pins.
The experimental results show that AE activity existed throughout the entire wear process, and it
was the most prominent in the serious wear phase. The wear degree of the low rotational speed pin
connections can be reflected qualitatively by the signal strength and the accumulative signal strength
of the AE signals. Experiments also reveal that the main wear forms of the low rotational speed
pin connections in this research include the abrasive wear and the adhesive wear. Detailed research
found that different AE signal strengths from four specimens meant different wear forms, and the
micrographs of the four specimens confirmed this result, and adhesive wear and abrasive wear both
occurred on the surface of pins. Further analyses of the AE signals demonstrated that the adhesive
wear was the main mode of wear of the low rotational speed pin connection. The signal strength of
the adhesive wear was around 190 times larger than that of abrasive wear, although the wear depths
of them are similar. In summary, the research demonstrates that the developed AE method, though
simple to use, is an effective nondestructive method to monitor the wear degree of low rotational speed
pin connections in real time. Further research will focus on the relationship between the roughness
of the wear surface, and the AE signals. Moreover, for applying the results of this paper to actual
engineering, the effect of different rotational speed and different types of steel on AE results also will
be studied.
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