The International Journal of Advanced Manufacturing Technology (2018) 99:1109-1117
https://doi.org/10.1007/500170-018-2513-9

ORIGINAL ARTICLE

@ CrossMark

Evaluation of grinding wheel loading phenomena by using acoustic
emission signals

Chien-Sheng Liu'® - Yu-An Li?

Received: 18 April 2018 / Accepted: 24 July 2018 /Published online: 16 August 2018
© Springer-Verlag London Ltd., part of Springer Nature 2018

Abstract

In the industrial manufacturing field, machining is a major process. Machining operations involve grinding, drilling, milling,
turning, pressing, molding, and so on. Among these operations, grinding is the most precise and complicated process. The surface
condition of the grinding wheel plays an important role in grinding performance, and the identification of grinding wheel loading
phenomena during the grinding process is critical. Accordingly, this present study describes a measurement method based on the
acoustic emission (AE) technique to characterize the loading phenomena of a Si,O; grinding wheel for the grinding mass
production process. The proposed measurement method combines the process-integrated measurement of AE signals, offline
digital image processing, and surface roughness measurement of the ground workpieces for the evaluation of grinding wheel
loading phenomena. The experimental results show that the proposed measurement method provides a quantitative index from
the AE signals to evaluate the grinding wheel loading phenomena online for the grinding mass production process, and this
quantitative index is determined via some experiments in advance in the same grinding environment to help the monitoring and

controlling of the grinding process.
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1 Introduction

In addition to the flourishing of the modern manufacturing
industry, product precision requirements are becoming in-
creasingly stringent. In the industrial manufacturing field,
machining is a major process. Machining operations involve
grinding, drilling, milling, turning, pressing, molding, and so
on. Among these operations, grinding is the most precise and
complicated process. The surface condition of the grinding
wheel plays an important role in the grinding performance
because the condition of the grains on the periphery of the
grinding wheel has a major influence on the damage induced
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in a ground workpiece [1]. Grinding wheel loading means
detached chip accumulation in porous spaces between abra-
sive grains of the grinding wheel. This phenomenon pro-
duces dull wheel grains that lead to deteriorating wheel cut-
ting ability and results in excessive rubbing and vibration
[2—4]; it also reduces the life of the grinding wheel and in-
creases the grinding force and temperature [5]. As a result,
the identification of grinding wheel loading phenomena dur-
ing the grinding process is critical and necessary. Because
grinding is a complicated process, it is necessary to develop
a reliable online monitoring technique to supervise the pro-
cess [6]. Inthe literature, various monitoring techniques have
been used for the online characterization of grinding process-
es. Among them, the acoustic emission (AE) technique is
generally thought to be the most efficient and sensitive pro-
cess [6—8]. The AE wave is a type of non-stationary stochas-
ticsignal. AE signals provide a variety of information regard-
ing the grinding process. However, stricter analyses may be
obtained by processing these signals with the help of statis-
tical parameters to obtain information that can correlate the
signals with the phenomena under study. Among the avail-
able statistics for manufacturing monitoring based on the AE
signal, the root mean square (RMS) value of the AE signal
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(AEgrwms) is the most used. The AEgys can be expressed as
follows:

1 a
AERMms = \/EIO TAEvz(t)dt, (1)

where 27 is the integration time constant, and AEy is the
instantaneous signal [9, 10].

The fast Fourier transform (FFT) is often used for extracting
the features of AE signals in the frequency domain. However,
AE in the grinding process is the transient elastic energy spon-
taneously released when materials undergo deformation, frac-
ture, or both. For these non-stationary transient signals, the FFT
presents only the average values of the frequency components
over the duration of its sampled span. As a result, the FFT
cannot adequately describe the characteristics of the transient
signals in both the time and frequency domains [11].

The AE technique during grinding can offer much real-
time sensory information, such as tool condition, machine
dynamics, and workpiece quality [12-21]. For example,
Dornfeld et al. used AE sensing technology and other sensors
to monitor and analyze grinding wheel loading phenomena
and first discussed the relationship between the AE signal
and the grinding force [22]. Yossifon et al. investigated the
characteristics of grinding wheel wear caused by the grinding
of workpiece materials with high adhesion, as these adhesive
materials are prone to wear and generate heat from grinding.
Loading phenomena, which shorten the lifetime of the grind-
ing wheel, can also occur. A comparative analysis of the
grinding force and amount of loading has been analyzed; the
trend of their curves was found to be rather similar [23-25].

Traditionally, the monitoring task of the grinding wheel
loading is usually conducted by the operator. To achieve full
automation of machining operations, there has been an earnest
interest in developing automated monitoring technologies for
grinding wheel loading phenomena [8]. Surface integrity is
closely related to both the grinding force and the temperature
in the grinding process, and the grinding wheel surface plays
an important role in the surface roughness of the ground work-
pieces [26, 27]. However, to the best of our knowledge, grind-
ing is complicated, and it is difficult to find a general rule to fit
any grinding parameters. In addition, the cost reduction is a
very important consideration in the mass production process
of the industrial manufacturing field. As a result, in this pres-
ent study, we propose a practical measurement method to
characterize the loading phenomena of a Si,O; grinding wheel
using the AE technique for the grinding mass production pro-
cess. We use a traditional surface-grinding machine tool to
investigate the grinding state of the grinding wheel caused
by the loading phenomena during the grinding process, and
we use a commercial AE sensor as a monitoring device for
instantaneous monitoring with low cost. In this manner, we
can instantly detect the manufacturing process of the machine
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and collect the manufacturing signals of the machine through
the AERw\s signal of the AE sensor. The proposed measure-
ment method combines the process-integrated measurement
of AE signals, offline digital image processing, and surface
roughness measurements of the ground workpieces for the
evaluation of grinding wheel loading phenomena. By apply-
ing a data analysis method, we can effectively and instantly
provide a quantitative index for the loading effect and provide
early warning to the operator at an appropriate time, thereby
allowing the operator to pause the machine, adjust the status of
the machine or its parameter settings, and re-start the
manufacturing procedure in a grinding mass production pro-
cess. The remainder of this present study is organized as fol-
lows. Section 2 describes the proposed measurement method
and experimental procedure. Section 3 discusses the experi-
mental characterization of the proposed measurement method.
Finally, Section 4 presents some brief concluding remarks.

2 Proposed methodology and experimental
procedure

As shown in Fig. 1, the experiments are performed on a Seedtec
YSG 618H surface grinder with a KINIK 93A46H11V Si,O3
grinding wheel in this study. For this machine, the rotation speed
of the grinding wheel is fixed, and it does not use cutting coolant.
A commercial Balance Systems VM25 B512675 AE sensor with
a sampling rate of 20 Hz (as shown in the red rectangle) is

Fig. 1 Photographs of the grinding machine and the grinding wheel
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attached to the spindle box surface to pick up the AE signals.
Because this sampling rate is far smaller than the frequencies of
raw AE signals (= 20 kHz), the AERys is used for this study. In
this study, we investigate grinding wheel loading phenomena
under different grinding parameters. These grinding parameters
are shown in Table 1. The experimental parameters are selected
according to the relevant reference literature and the variable
parameters of the machine. The main parameters of normal
grinding processing include the rotation speed of the grinding
wheel, the type of grinding wheel, the material of the workpiece,
the moving velocity of the machine table, the depth of the cut,
and the use (or lack of use) of cutting coolant.

Figure 2 presents a flowchart showing the basic steps in the
grinding procedure. The proposed measurement method com-
bines the process-integrated measurement of the AE signals,
offline digital image processing, and surface roughness measure-
ments of the ground workpieces for evaluation of grinding wheel
loading phenomena. The workpiece surface is ground until the
loading phenomenon occur, and the trend of the AE signals,
measured surface roughness of the workpieces, and measured
values of wheel loading over the grinding wheel surface are
investigated under different experimental grinding parameters.
In this study, the surface roughness R, of these workpieces is
measured using a Mitutoyo SJ-411 surface roughness tester. To
determine the loading areas over the grinding wheel surface, a
method based on offline digital image processing is used because
this method has the advantages of fast processing and low equip-
ment costs [27]. Next, both the measured results for the surface
roughness of the workpieces and the values of wheel loading
over the grinding wheel surface are compared with the AE sig-
nals to evaluate the grinding wheel loading phenomena.

3 Experimental characterization of proposed
measurement method

3.1 AE signals

Figure 3 shows the measured AE signals when the grinding
depths of the cut are 0.01, 0.015, and 0.02 mm at a table speed

Table 1 Grinding parameters of the proposed measurement method
Variable Corresponding value
Machine Seedtec YSG 618H
Spindle speed 3450 rpm

Grinding wheel KINIK 93A46H11V
Workpiece material A6061

Table speed 5.28, 14.6, 25.8 m/min

Depth of cut 0.01, 0.015, 0.02 mm
Coolant NA
NA not applicable
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Fig. 2 Flowchart of the grinding procedure

of 25.8 m/min, along with the comparison of the results for
these three parameters of each of the grinding depths of the
cut. Figure 4 shows the measured AE signals when the table
speeds are 5.25, 14.6, and 25.8 m/min at grinding cut depths
of 0.02 mm. It can be seen from Figs. 3 and 4 that there are
three stages of grinding (the early stage, middle stage, and late
stage). The early stage of grinding is the first stage when the
AE signal rapidly increases. As the number of workpieces that
are ground increases, the variation trend in the AE signal also
gradually increases. From the comparison of results for the
different grinding cut depths (Fig. 3d) and different table
speeds (Fig. 4), when the grinding cut depth is relatively deep
and when the table speed is relatively fast, the AE signal is
relatively large. With the increase in the grinding cut depth
and table speed, the deformation of the chip and the friction
between grains and workpiece is aggravated, and more grains
participate in cutting; as a result, both the grinding force and
the AE signal increase [24].

During the middle stage of grinding (second stage), the
increasing trend of the AE signal gradually becomes slower
because the loading chip on the grinding wheel surface grad-
ually approaches the saturated state, and the relative move-
ment between the grinding wheel and workpieces becomes
sliding friction. From the comparison of the experimental re-
sults for different grinding cut depths and table speeds (Figs.
3d and 4), there is not a large difference between their AE
signals. However, we still observe a phenomenon from the
shape of the curves of the AE signals. As shown in Figs. 3d
and 4, when the grinding depth of the cut increases and the
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Fig. 3 Measured AE signals when the grinding cut depths are (a) 0.01 mm, (b) 0.015 mm, (c) 0.02 mm, and (d) comparison between the AE signals for

different grinding cut depths

grinding time becomes shorter, the detached chips more easily
accumulate onto the grinding wheel surface. As a result, the
amount of wheel loading over the grinding wheel surface rap-
idly saturates. This phenomenon causes the abrasive grains of
the grinding wheel, which cannot bear the excessive grinding
force, to fall off during the follow-up grinding, thus producing
the AE signals seen during the late stage of grinding.

During the late stage of grinding (final stage), the AE sig-
nals can be divided into two sub-stages for the purpose of
discussion. During the first sub-stage, the abrasive grains
and adhesive of the grinding wheel cannot bear the excessive
grinding force; as a result, the loading chips and abrasive
grains tend to fall off from the grinding wheel surface.
Consequently, cracks form on the original grinding wheel
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surface, and some abrasive grains adhere to the loading chip
and fall onto the workpiece surface during the first sub-stage.
With the subsequent grinding proceeding, the grinding burn
arises, and chip adhesion becomes severe and can be observed
on the workpiece surface (as shown in Fig. 5). As a result,
more abrasive grains fall from the grinding wheel, further
changing the original morphology of the grinding wheel sur-
face. In the subsequent grinding process, only part of the abra-
sive grains actually grinds the workpiece surface; therefore,
the value of the AE signal gradually declines. In the second
sub-stage, when the grinding is continuously operated, the
grinding wheel tends to progressively self-sharpen. Figure 6
shows the photograph of the abrasive grains (purple color) that
fell from the grinding wheel due to progressive self-
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Fig. 4 Measured AE signals with material removal volume for different
table speeds

sharpening. Then, the new abrasive grains of the grinding
wheel touch the workpiece surface, and the workpiece chips
will continue to stick to the pores and the surface of the grind-
ing wheel, producing the loading phenomenon once again. As
a result, the AE signal will gradually increase until the grind-
ing wheel surface is loaded, and it again returns to the situation
in the first sub-stage, thereby forming a periodic cycle.

3.2 Digital image processing

In this study, an offline digital image processing technique is
used to analyze the captured image of the wheel surface and
determine the loading areas over the grinding wheel surface.
An AM4113T Dino-Lite Premier Digital Microscope is used
to capture the image of the wheel surface. The procedure of
proposed digital image processing comprises four basic steps,
namely, (1) gray processing and histogram equalization, (2)
binary processing, (3) overlap processing, and (4) morpholo-
gy processing.

Fig. 5 Photograph of chip adhesion on the workpiece surface

Fig. 6 Photograph of abrasive grains that fell from the grinding wheel

Figures 7 and 8 present the original experimental image on
the surface of the grinding wheel and the processed experi-
mental images, showing various processing steps. As shown
in Fig. 7, the original captured experimental image is colorful;
thus, it is transformed into gray scale image by using gray
processing. Here, to increase the contrast of regions of the
image, the histogram equalization process is used. Note that
Ko et al. (2013) and Adibi et al. (2014) provide a more com-
prehensive description of the histogram equalization process
[27, 28]. Figure 8a presents the processed image following
histogram equalization. As shown in Fig. 8a, the metal loading
debris is characterized by a high gray level and a high gradi-
ent. The metal loading debris can therefore be detected by a
simple binary thresholding procedure. During the binary
thresholding process, individual pixels in an image are labeled
“metal loading debris” if their pixel values are greater than the
threshold value; other pixels are labeled “background.” In this
study, different threshold values are considered to determine
the suitable value; however, it is difficult to determine because
of the wide range of gray levels of the background (abrasive
grains and others). For example, as shown in Fig. 8b, in this
case, the threshold value is set at 130, a middle level. From
this figure, some abrasive grains are misjudged as metal load-
ing debris. Alternatively, if the threshold value is set at 200, a
high level, some metal loading debris is misjudged as back-
ground. To overcome this issue, a step of overlap processing is
utilized in this study. In this step, many binary images with
different threshold values are overlapped into another image,
as shown in Fig. 8c. When comparing Fig. 8a, c, it can be
observed that the overlap processing increases the contrast of
the image. Having done so, another simple binary
thresholding procedure followed by a morphological opera-
tion is performed to segment the metal loading debris from the
image, as shown in Fig. 8d. Figure 9 shows the comparison
between another original image and its image processing re-
sult. When comparing Figs. 7, 8d and 9, it is obvious that the
proposed digital image processing can successfully segment
the metal loading debris from the original image and that the
proposed digital image processing is reliable.
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Fig. 7 Original experimental
image of the grinding wheel

surface : p
Abrasive grain

3.3 Wheel loading

The areas of metal loading debris over the grinding wheel
surface can be successfully extracted from the original image
by using the procedure of proposed digital image processing.
Here, MATLAB image processing functions are used. The
percentage of the loading amount to the grinding wheel sur-
face can be calculated by dividing the pixel numbers of the
metal loading debris by the total pixel numbers of the grinding
wheel surface. In this section, the grinding depth of the cut in
the grinding parameters is selected as 0.02 mm for comparison
purposes. Figure 10 compares the measured AE signals and
the measured wheel loading with the material removal

Fig.8 Image processing results. a S48
Gray processing and histogram -
equalization. b binary processing.
¢ Overlap processing. d
Morphology processing

Metal loading debris

volume. As shown, the measured wheel loading is sampled
five times, and the average value is taken. It can be observed
that both of the curves of the measured AE signals and the
measured wheel loading are similar in trend. The loading
amount over the grinding wheel surface during the early stage
of grinding gradually increases. Although the loading amount
during the middle stage of grinding decreases initially, the
loading amount is also the greatest when the AE signal is
largest. During the late stage, the loading amount gradually
decreases to reach a stable variation. According to the exper-
imental results, there is a strong positive correlation between
the AE signals and the grinding wheel loading phenomena for
the surface-grinding machine tool.

@ Springer

(d)



Int J Adv Manuf Technol (2018) 99:1109-1117

1115

Fig. 9 a Another original
experimental image of the
grinding wheel surface and b its
morphology processing result

3.4 Surface roughness

In this section, the grinding depth of the cut in the grinding
parameters is also selected as 0.02 mm for comparison pur-
poses. Figures 11 and 12 compare the measured surface
roughness R, as well as the measured AE signals and the
measured wheel loading with the material removal volume,
respectively. As shown, the measured surface roughness R, is
sampled three times, and the average value is taken. It can be
observed that, during the early stage of grinding, R,, also grad-
ually increases (to 1.5 um). Although R, during the middle
stage of grinding first decreases, R, is greater than that of the
early stage of grinding (to 2 pm) when the AE signal is the
largest. During the late stage, R, gradually increases to reach a
stable variation (between 5 and 6 um) and has an opposite
trend when compared to the wheel loading amount.

Three stages of AE signals are identified during the grind-
ing process. During the early stage of grinding, the AE signal

(b)

rapidly increases, the grinding quality of the workpiece is
superior, and the loading amount over the grinding wheel
surface gradually increases. During the middle stage of grind-
ing, the grinding quality of the workpiece is at a moderate
level, and the loading amount is the greatest. During the late
stage of grinding, the grinding quality of the workpiece is the
worst, and the loading amount gradually decreases to reach a
stable variation. In this study, the AE signal of 110 V (at the
end of the early stage of grinding) is a quantitative index to
address the grinding wheel.

As a consequence, the experimental results show that the
proposed measurement method could provide a quantitative
index from the AE signals to evaluate the grinding wheel
loading phenomena online at the selected grinding parame-
ters. For the grinding mass production process, because the
grinding parameters are fixed, the quantitative index of the AE
signal (at the end of the early stage of grinding) could be
determined via some experiments in advance in the same
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Fig. 10 Comparison of the measured AE signals and the measured wheel
loading with material removal volume

Fig. 11 Comparison of the measured AE signals and the measured
surface roughness with material removal volume
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Fig. 12 Comparison of the measured wheel loading and the measured
surface roughness with material removal volume

grinding environment to help the monitoring and controlling
of the grinding process. However, if we use the AE signals to
deduce the wheel loading as an instantaneous monitoring sys-
tem and repair the behavior of the grinding wheel at any
grinding parameters, we must refer to more experimental pa-
rameters and factors, including the establishment of a com-
plete database to use the AE signal, to correctly determine the
grinding wheel loading phenomena and to more precisely im-
prove the accuracy of an instantaneous monitoring system to
achieve its intended purpose. Because grinding is complicat-
ed, it is difficult to find a general rule to fit all of the grinding
parameters.

4 Conclusions

Because grinding is a complicated process, it is necessary to
develop a reliable online monitoring technique to supervise
the identification of grinding wheel loading phenomena dur-
ing the grinding process. In this study, a measurement method
that combines the process-integrated measurement of AE sig-
nals, offline digital image processing, and surface roughness
measurements of the ground workpieces was developed to
characterize and evaluate the loading phenomena of a grind-
ing wheel from AE signals. The experimental results showed
that the proposed measurement method could provide a quan-
titative index from the AE signals to evaluate the grinding
wheel loading phenomena and address the grinding wheel
online for the grinding mass production process.
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