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Abstract

The precision cylindrical traverse grinding process of slender bar is very complex for the strongly time dependent properties of the
wheel. Therefore, it is very difficult for operators to properly judge the grinding state using naked eyes and ears. This calls for automatic
monitoring technology that can monitor the process in precision cylindrical traverse grinding to guarantee machining quality and produc-
tivity as well as reduction in cost. This study developed an automatic monitoring system for precision cylindrical traverse grinding of
slender bar using Acoustic emission (AE) technology. Grinding tests on molybdenum were conducted under traverse conditions in a
conventional cylindrical grinder. It was found that larger radial material removal depth results in larger root mean square value of Acous-
tic emission signals (AErys). Based on this, the AEgys was analyzed and used to determine the finishing of spark-out process and the
pre-processing of tool alignment. The variation tendency of AEgysin one spark-out process was applied to determine when a wheel
wears out and has to be dressed. The experimental results showed that the AE system was effective to monitor the pre-processing of tool

alignment, spark-out and wheel wear in precision cylindrical traverse grinding of slender bar.
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1. Introduction

The precision machining of slender bar is still a tricky prob-
lem due to weak rigidity of process system [1-3]. Precision
cylindrical traverse grinding is the main machining method for
slender bar which can provide good surface integrity at high
material removal rates [4-6]. In precision cylindrical traverse
grinding of slender bar, various factors affect the surface qual-
ity [7, 8]. The strong time dependent properties of wheel con-
sisting of particle wear, shattered and chip space blocked,
make the grinding process very complicated [9]. Unlike cylin-
drical plunge grinding, not all the parts of wheel along the
width take part in grinding, resulting in difficult gain of the
wheel wear rules in cylindrical traverse grinding [10]. The
complexity of cylindrical traverse grinding process contributes
a great deal to the dependence of grinding productivity on the
experience and skill of human operators. Based on his rich
experience and the information gathered through his eyes and
ears, a skilled operator can adjust the grinding conditions well
when unexpected abnormalities take place during precision
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cylindrical traverse grinding. However, human operators are
easy to get tired and hence, find it difficult to concentrate con-
tinuously for a long time. Due to this, the accumulation of
experience and training of new operators cost a lot. This calls
for automatic monitoring technology that can supervise the
process in precision cylindrical traverse grinding to guarantee
machining quality and productivity as well as reduction in cost.
In the past two decades, various technologies [11, 12] have
been introduced to monitor the grinding process using various
signals, such as grinding force [13, 14], vibration [15], Acous-
tic emission (AE) [16], and temperature [17, 18]. Among them,
AE is thought to be the most suitable for monitoring of the
grinding process, since it is generated along with the material
removal, whereas its frequency is far beyond that of mechani-
cal noises which can be easily filtered [19-21]. The AE tech-
nology has been used for on-line monitoring of face grinding
[22-24], cylindrical plunge grinding [25], and centerless grind-
ing [26]. However, successful use of AE technology still faces
the problem of sensor installation, data processing and effi-
cient information extraction in specific grinding process [22].
At present, no publications are available on the monitoring of
cylindrical traverse grinding using AE technology. The cur-
rent study developed an AE monitoring system to explore the
use of AE technology for the possibility of in-process moni-
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Fig. 1. Schematic diagram of the experimental set-up.
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toring of precision cylindrical traverse grinding. Using this
system, an operator can monitor the pre-processing of tool
alignment, spark-out, and wheel wear.

2. Experimental procedure

2.1 Experimental apparatus and evaluation of AE rys signals

The overall experimental apparatus is schematically illus-
trated in Fig. 1. The grinding tests were conducted under trav-
erse conditions on a conventional cylindrical grinder. The
workpiece material was molybdenum which was used as elec-
trode of mass spectrometer. Its mechanical properties at ambi-
ent temperature obtained by experiments are as follows: Den-
sity (p) = 10800 kg/mm’, elastic modulus (E) = 345 GPa,
hardness (H,) = 2.37 GPa and Poisson’s ratio (v) = 0.38. All
workpiece specimens for the grinding tests were machined to
the same initial dimensions (¢) : 10 mmx130 mm. A 120 grit
alumina resin wheel of diameter (d;) = 350 mm, and width (b)
=32 mm was used.

An AE sensor produced by Physical Acoustics Corporation
was fixed on the tailstock of grinder. The maximum response
frequency of the AE sensor is 1 MHz. A pre-amplifier, whose
band pass is 20 k~1200 kHz, was used to amplify the output
signals from the AE sensor and eliminate low frequency noise,
such as machine vibration. The gain of this pre-amplifier ap-
plied in the grinding tests was 40 dB. The AE signal was col-
lected at 1 MHz sampling frequency by a PCI-2 card which
was integrated in an industrial computer. The AE signal data
collected was processed and displayed in real-time by a cus-
tomized software using LabVIEW. The Root mean square
(RMS) value of AE can be calculated using Eq. (1):

1 2
AE, = /EAJ;AE (t)dt (1)

where AE(?) is the raw AE signal, AT is the integration time
constant, and AT has a value of 500 ms in this study unless
otherwise stated.

2.2 Grinding tests

A series of grinding tests were conducted to evaluate the va-

Table 1. Machining conditions for the tests.

Parameters Unit Value
Rotating speed of workpiece w pm 90, 120, 150
Axial feed rate of wheel v¢ mm/min 160, 250, 340
Radial feed depth a, pm 2,5,8
Velocity of grinding coolant vee Low, high
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Fig. 2. Tool path comparison of two different feed modes.

lidity of process monitoring using AE technology in cylindri-
cal traverse grinding of slender bar. The grinding conditions
used in the tests are presented in Table 1. Evaluation tests
were conducted on two types of radial feed modes: Single-
side feed mode and bilateral feed mode. Fig. 2 shows the tool
path comparison of two different feed modes. The wheel only
feeds radially at the left side of workpiece in single-side feed
mode, which means that one grinding cycle consists of one
radial feed pass and one spark-out pass. There is no proactive
radial feed in the spark-out pass. Conversely, the wheel feeds
radially both at the left and right of the workpiece in bilateral
feed mode, which means that one grinding cycle consists of
two radial feed passes. The grinding coolant was an emulsion
whose velocity was controlled by a valve. The rotating speed
of wheel is constant at 1900 rpm.

3. Results and discussion

3.1 Relationship between AE gy and processing conditions

Fig. 3 shows a typical AEgys signal for a complete grinding
cycle of single-side feed mode. Four typical stages are seen in
Fig. 3, namely feed pass, spark-out pass, and wheel head out.
In the stage of wheel head out, the amplitude of AEgys signal
suddenly changes significantly due to changes in contact
width between the wheel and workpiece. The amplitude of
AERyss signal in feed pass is larger than that in spark-out pass
because material is removed primarily in the feed pass. How-
ever, the amplitude of AEgys signal in spark-out pass is not as
small as zero, because the material removal still occurs in
spark-out pass. At the same time, friction between the wheel
and workpiece contributes to the amplitude of AEry;s signal in
spark-out pass. The AEgys signal in feed pass shows a w-type
wave profile as marked by the green solid line in Fig. 3. This
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Fig. 4. Influence of processing conditions on AERMS and wheel life.

results from the weak rigidity of slender bar. It is well known
that the middle part of a slender bar is much easier to be de-
formed radially than the end part under the action of grinding
force. This results in more material removal at the end part of
workpiece than in the middle part, enabling the AEgys signal
in feed pass to show a v-type wave profile. On the other hand,
the workpiece is more or less drum type before grinding. This
will help to enlarge the amplitude of AEgys signal when the
middle part of workpiece is ground. Thus, the different influ-
ences of weak rigidity and drum type shape of slender bar
bring about the w-type wave profile of AEgys signal.

Fig. 4 shows the influence of processing conditions on
AERys of feed pass in single-side feed mode, whereas the
integration time constant A7 is equal to the time duration of
feed pass. The influence of one processing parameter on
AERws is obtained by keeping all other processing parameters
unchanged. We can draw a fundamental conclusion from Fig.
4 that the AERys increases monotonically with the increase in
radial feed depth. It can be understood easily that larger radial
feed depth produces more material removal, thus resulting in
lager AEgrys. This relationship is useful for the analysis of
AEgus signals in monitoring the pre-processing of tool align-
ment, spark-out process, and wheel wear. It will be discussed
in detail in the proceeding sections. The influences of other
processing parameters on AEgyg are not so understandable.
The axial feed rate of wheel and the rotating speed of work-
piece do not show a monotonic relationship with the AEgrys.
This just right reflects the complexity of cylindrical traverse

grinding process due to the strongly time dependent properties
of the wheel. Additionally; higher velocity of grinding coolant
produces lower AEgys. This can be explained by the im-
provement of lubrication and cooling condition for grinding
process resulting from the higher velocity of grinding coolant.

3.2 Process monitoring in pre-processing of tool alignment

When a bar is positioned on the machine tool, its centerline
is not coinciding with the rotating center of spindle. The mis-
alignment exists more or less. So the workpiece should be pre-
processed before tool alignment. Fig. 5 shows AEgrys signals
in the pre-processing of tool alignment for wheel axial feed
rate of 250 mm/min and the rotating speed of 120 rpm for the
workpiece. The tool path is also shown in Fig. 5. This pre-
processing of tool alignment consists of four grinding cycles.
Each grinding cycle contains one radial feed pass for radial
feed depth of 5 pm and one spark-out pass.

The first spike of AEgrys signals in Fig. 5 appeared at the
moment when the wheel began to come in contact with the
workpiece. The spike of AEgys signals in the first grinding
cycle shows an inverted v-type wave profile. Considering the
relationship between AEgys and radial material removal depth,
we can conclude that in the first grinding cycle, the radial
material removal depth first increased and then decreased.
This indicates that the workpiece was inclined. In the second
and third grinding cycles, similar variation trends of AEgrys
signals were observed, indicating that the workpiece was still
inclined. The difference is that the extent of change of AErys
in the feed pass of third grinding cycle is less than those of
first and second grinding cycles. We can judge that variation
of removal depth in the feed pass tends to decrease with the
conduction of pre-processing of tool alignment. Finally, in the
feed pass of fourth grinding cycle, the AEgys shows a typical
w-type wave profile indicating small variation of material
removal depth. Therefore, we can conclude that the centerline
of workpiece has already been coinciding with the rotating
center of spindle. Furthermore, the pre-processing of tool
alignment is also finished. The results shown in Fig. 5 indi-
cates that the AE system can be successfully used to monitor
the pre-processing process of tool alignment, and help deter-
mine when this process is already finished.

3.3 Process monitoring in spark-out process

The spark-out process is of great importance in the preci-
sion cylindrical traverse grinding of slender bar. In the spark-
out process of cylindrical traverse grinding, the wheel doesn’t
feed radially to eliminate the shape error induced by elastic
deformation under the action for grinding force. To satisfy the
machining accuracy of workpiece, spark-out process is gener-
ally used as the finishing procedure. Fig. 6 shows AEgys sig-
nals in spark-out process for wheel axial feed rate of 250
mm/min, whereas the workpiece rotating speed is 120 rpm.
The tool path is also shown in Fig. 6. The wheel feeds radially
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Fig. 5. AEgrys signals in pre-processing of tool alignment.

three times with three different radial feed depths, namely 8
pm, 5 um and 2 um. Each of the wheel’s radial feed is fol-
lowed with four grinding cycles. The first grinding cycle con-
tains one radial feed pass and one spark-out pass. But the rest
contain two spark-out passes. Comparing the AEgys of two
spark-out passes in second grinding cycle when radial feed is
8 um, we find that the amplitude of AEgryg in the former
spark-out pass is obviously lager than that in the latter spark-
out pass. This indicates that the material removal still exists in
the former spark-out pass. Furthermore, the AEgys tends to
decrease with the progress of spark-out process indicating
continuous existence of material removal. However, in the
fourth grinding cycle when radial feed is 8 um, the decrease in
AEgys can hardly be distinguished indicating little material
removal. Similar varying tendency of AEgrys can also be ob-
served when radial feed is 5 pm and 2 pm.

Thus, we can judge whether the spark-out is finished by ob-
serving the variation of AEgys. When the difference between
contiguous is hard to be distinguished, we can think the spark-
out process is finished. Just like that in Fig. 6, spark-out is
supposed to have been finished in the fourth grinding cycle.

3.4 Process monitoring in grinding wheel wear

In the grinding process, it is very important for an operator
to determine when a wheel wears out and has to be dressed.
Thus, we explore the possibility of monitoring the wheel wear
using AE technology. Fig. 7 shows the AEgys signals in con-
tinuous cylindrical traverse grinding of slender bar in single-
side feed mode for the radial feed depth of 2 pm, wheel axial
feed rate of 250 mm/min and workpiece rotating speed of 120
rpm. The grinding process consisted of around 30 grinding
cycles. Each grinding cycle contains one radial feed pass for
radial feed depth of 2 pm and one spark-out pass. The varia-
tion tendency of AEgryg in radial feed passes is not easy to
detect. However, the varying tendency of AEgys in spark-out
passes is obvious. Firstly, the amplitude of AEgys in spark-out
passes increases with the continuous wear of wheel. Secondly,
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just at the beginning of grinding process, the AEgys shows a
decreasing tendency in one spark-out pass. Then, the AEgyg
shows a flat-run tendency in one spark-out pass. Gradually,
the AEgy;s shows an increasing tendency in one spark-out pass.
The variation tendency of AErys in a certain spark-out pass is
marked by green arrows.

The comparison of frequency spectrum for four different
raw signals corresponding to S, S,, S; and S is shown in Fig.
8. From Fig. 8 we can see that, the frequency distribution of
AE signals before and after the wheel wear does not show a
noticeable difference. However, the amplitude for peak fre-
quency after wheel wear is larger than that before the wheel
wear, especially in the spark-out pass. This is consistent with
the analysis of AEgys versus time signals. Thus it is not effi-
cient to use the frequency characteristics of raw AE signals to
monitor the wheel wear. The use of variation in AEgys signals
maybe more practicable.

Figs. 9 and 10 show AEgys signals in continuous cylindrical
traverse grinding of slender bar in single-side feed mode for
the radial feed depth of 5 um or 8 um, wheel axial feed rate of
250 mm/min and workpiece rotating speed of 120 rpm. The
varying tendency of AEgys when radial feed depth is 5 um or
8 um is similar with that when radial feed depth is 2 pm. The
difference is that the AEgys of flat-run type in spark-out pass
appears earlier and earlier with the increase in radial feed
depth. On the other hand, it is well known that a smaller radial
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Fig. 9. AEgrws signals for radial feed depth of 5 pm.

feed depth induces a longer wheel life. Based on this analysis
above, we propose such a method to determine the wheel life
as that when the AEgys of flat-run type appears, the wheel
wears out and has to be dressed.

Using this method, we get the influence of processing con-
ditions on wheel’s life which is shown in Fig. 4. The wheel
life decreases, and the AEgys increases with the increase in
radial feed depth. In this case, a larger amplitude of AEgys is
observed for a shorter wheel life, because more material is
removed by a single abrasive particle when the radial feed
depth increases. However, when the radial feed depth is kept
constant to explore the influence of other processing condi-
tions on wheel’s life, things become different. What is confus-
ing and interesting is that a larger amplitude of AEgys is ob-
served for a longer wheel life. This may be explained by that
the enlargement of AEgys results from the increase in efficient
abrasive particles which take part in grinding, however the
acting force of a single abrasive particle decreases.
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Fig. 11 shows AEgys signals in continuous cylindrical trav-
erse grinding of slender bar in bilateral feed mode for the radial
feed depth of 5 um, wheel axial feed rate of 250 mm/min and
workpiece rotating speed of 120 rpm. Similar varying tendency
of AEgys can be observed as that in single-side feed mode.

4. Concluding remarks

In this study, a monitoring system for precision cylindrical
traverse grinding of slender bar using Acoustic emission (AE)
technology was developed and its performance was evaluated.
The fundamental relationship between material removal depth
and root mean square value of acoustic emission signals
(AERys) were obtained. Larger radial material removal depth
was accompanied by lager AEgys. The variation tendency of
AFERys in one spark-out pass was analyzed and was used to
determine when a wheel wears out and has to be dressed.
Based on these discoveries, grinding tests have verified the
efficiency of AE system to monitor the pre-processing of tool
alignment, spark-out and wheel wear in precision cylindrical
traverse grinding of slender bar.
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