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Determination of the Relative Position
Between Grinding Wheel and a
Cylindrical Workpiece on a 7 Axis
Grinding Machine by Acoustic
Emission

The contact between grinding wheel and workpieciéngrinding process is recognized
by acoustic emission (AE). Two acoustic emissiomitoring systems (MS) were
integrated into a 3 axis CNC grinding machine. Attp allows the signal acquisition and
visualization. The acquired Algs signals from the contact between tool and worleiec
are analyzed permitting to establish the most &lgt8AE monitoring system to recognize
the contact in a particular grinding machine. Insacond experimental setup the selected
MS was installed on a 7 axis tool grinding machatean industrial partner. At this
partner, the relative position between grinding weheand workpiece was previously
determined manually. This procedure has a direfiu@mce on the results depending on
the technical skills of the operator. The automatas this activity supported by acoustic
emission has led to satisfactory results regardimg relative position between grinding

wheel and workpiece and contributed to the setup tieduction
Keywords: monitoring systems, acoustic emission, externahdsital grinding process

I ntroduction

In the manufacturing industry, the grinding procisssne of the
most common processes required when great quatity chose
tolerances are desired. A frequent way to improuehsneeds
consists in using monitoring systems (MS) basedhenacoustic
emission (AE). Besides the possibility to contrdiet process
characteristics, these systems also allow an atecdegection of the
contact between grinding wheel and workpiece. Thusitipn
associated with the contact usually representfeaerce, serving as
a starting point to the following grinding operatso

In the first stage of the present work, the contacbgnition
between grinding wheel and workpiece is evaluatetiio AE MS
integrated into the CNC of the machine tool. Eacls Morks
separately with specific AE transducers. The olatem of the
AEgys signals is done in real time on the screen of ofapThe
acquired contact signals are recorded and sampieihg at
additional analysis. The contact between grindingeel and
workpiece generates a grinding mark on the worlg@$esurface.
After the contact experiments the depths of the kmawere
measured in order to use these values as inputiataFactorial
Analysis. The Factorial Analysis leads to the dateation of an
optimized condition to the contact recognition witfinimal metal
removal.

In a second stage the most suitable MS was indtalle tool
grinding machine at an automotive part delivereuridy the
machine setup, an activity that demands considerabiount of
time consists in determining the reference positibthe grinding
wheel in relation to the workpiece. Due to the gesiharacteristics
of the machine tool and the lack of instrumentegpsut, the
machine operator needs to use try-error manualegroes. These
procedures often result in errors and exert a dirdltience on the
machined geometry and do not permit to achievetititerequired
tolerances. The present work suggests an instrashgmiocedure,
based on AE, to automatically find the referencsitmmn between
grinding wheel and workpiece.
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Nomenclature

AE = acoustic emission

MS-A = monitoring system A

MS-B = monitoring system B

ZEROYyto = procedure to automatically centralize the
grinding wheel in relation to the workpiece’s axis,
using an AE monitoring system

=R = increment on the workpiece surface (infeed
direction), mm

3m = depth of the measured mark, um

3 SIGNAL = depth of the mark evaluated by analyzing the

AEgyssignal, um
ta = approaching time in the Afgssignal, ms

tr = rising time in the Akyssignal, ms

Ve = infeed velocity (radial direction), mm/min

Vs = cutting speed, m/s

Vi = workpiece speed, m/s

Dwmin = inner diameter of the grooved profile, mm

Dmax = external diameter of the grooved profile, mm

Ya = mean value of the measured marks obtained
with MS-A, um

Yg = mean value of the measured marks obtained
with MS-B, pm

o = significance level during statistical analysis
(0.05)

v = degrees of freedom during statistical analysis

A = relative angular position between grinding

wheel and the axis of the workpiece, degrees

Acoustic Emission on Grinding

Acoustic emission (AE) is defined as the transilastic wave
generated by the rapid release of energy from alifel source or
sources within a material when subjected to a sihtgress. This
energy release is associated with the abrupt réglitibn of internal
stresses, and as a result, a stress wave is ptedathmough the
material (Ravindra et al., 1997).
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The grinding process is characterized by the rafndoontact of
a large amount of cutting edges on the surfachefmorkpiece. All
the individual contacts caused by the grits carcdmesidered as a
source of pulse deformation or stress on the wedei Figure 1
exemplifies the major AE sources that can be fountthe grinding
process (Karpuschewski, 2001).

Grmding wheel

Spectnen %

R

®y/

\

Cracks due to penetration

Plastic deformation Individual gram rupture

and cluppimng

Figure 1. Sources of AE on grinding (Karpuschewski, 2001).

Acoustic emission signalson grinding

The raw AE signal (Akaw) is composed of different high
frequencies on different energy levels and is diffi to interpret.
One of the most employed techniques to extractuligsformation
from AEgaw Signals consists in using the root mean squareeval
(RMS) of the ARaw signals (Hwang et al.,, 2000). The Ak
represents a physical dimension of thegAEsignal intensity and
depends directly from the amount and dispersiostrass waves on
the material (Meyen, 1991). According to Hwang let(2000), the
AERgwmssignal is defined as:

1 AT 1/2
AEqys = L‘T J-Vz(t)dt} @)
0

where:
V  =raw acoustic emission signal (Akyv), and
AT = integration time constant.

The ARys (rectified value of ARy signal) has been
successfully used to monitor several grinding situs. However,
the spectrum analysis can complement the intefpyetain
situations where the RMS technique cannot allowisfsatory
results (Gomes, 2001).

Acoustic emission signals during the contact between grinding
wheel and wor kpiece

The contact recognition between grinding wheel ahé
workpiece depends on the transducer, the ampbfier the signal
conditioning. This leads to a time delay and thmstfiphysical
contact of grits and workpiece may happen before appreciable
change in the signal, especially when employingédsignals. The
contact is usually judged according to a significehange of the
amplitude of the ARys signal, or ARy Signal. Therefore,
understanding the instantaneous features regavdiegl/workpiece
interaction may help to define “contact” for perfong efficient use
of the AEkgys signal (Dornfeld et al.,
and Oliveira, 2001). Theoretically, the cuttingtgrenerates a burst
type of AE signal when it cuts through the workgiedVhen
numerous grits cut through the workpiece in sugfag the interval
of two consecutive cuts (which are not necessarilfthe same
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place) is much shorter than the decay time of &ackt signal, then
a continuous type of AE signal is formed (Websteaalge 1996). The
continuous AE signals generated when many graimdaraly touch
the surface of the workpiece can be representeddibgrse
parameters, Fig. 2 (Asher, 1997).

Duration

Rise time

Approach time

Amplitute (V)

Threshold

Maximum amplitute

Time (ms)

Figure 2. Characteristics parameters on AE signals
etal., 1997).

(Asher, 1997; Ravindra

Experimental Setup for Contact Recognition Experiments

The experimental setup used for the contact retiogni
experiments performed in a cylindrical CNC grindinmgachine
(Zselics Pratika Flexa 600-L) is schematically esgnted in Fig. 3.

Two AE monitoring systems were used separately. Ake

§ignals related to the event of contact were reieegnby employing

piezoelectric AE transducers with direct transnaissiThe ARaw
signals from the transducers are transmitted to Mi® through
appropriate cables. When MS-A (Dittel, 2007) wasdjshe Alkus
signals were sent directly to a laptop by a RS-88rface and
visualized on the laptop’s screen after treateé lspecific software
(Dittel, 2007). When MS-B was used (Sensis, 20028, AEzys
signals assigned to its analog output were semt taulti-analyzer
system (Oros, 2006) and to a laptop and the reatdtpresented on
the screen. All data were stored for a further ysisl

Both MS carry out the signals treatment in ordecdavert the
AERgaw Signal into Akgys signal. The signal conditioning chain for
the MS-A includes many stages: amplification, baads filtering,
rectifying, and low-pass filtering at the end. MSu&es a specific
software to digitalize the Afaw signal up to 1000 Samples/s, based
on the highest cut-off frequency in the conditignhain, and then
avoiding aliasing errors. MS-B has a similar signahditioning
chain permitting to sample the Aky signals at 2048 Samples/s
with the aid of a particular analyzer (Oros, 20@8)d then, avoiding
aliasing errors.

Ethernet cable

Multi-
analyzer

__________

!
Cilindrical CNC grinding machine Zema Zselics

' 1
' 1
JU(AEgys) ! Grinding wheel head |
: Grinding wheel 1 LAPTOP
1
1
! Vi : [U(AERs)
OutRMS | Headstock Soeci o |
_‘ eadstoc pecimen Tailstoc \
ot : ! RS 232
DB15S Tin Chl/, :
n ! | MS-A
e s1T Connector
: U(AEgaw) U(AEgaw) AE transducer | | DB25
1DB13
—I_" CNC pB1s!

Figure 3. Experimental setup for contact recognitio n (Boaron, 2009).
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Both MS were connected to the CNC of the grindirechine complete stoppage of the infeed motion and releradf all elastic
by means of a DB-15 connector installed into theQCbf the deformations of the system after the reversiorhefinfeed motion.
machine. As the Agys signal from the contact exceeds a staticThe level of the AE signals depends on factors like infeed
threshold (previously adjusted by the user), atetesignal is velocity of the grinding wheelgy the integration time constanf,
delivered to a specific input in the CNC, whichsaoh the stoppage the transducers (magnetic or threaded fixture) ahd AE
and reverses the grinding wheel’'s infeed motionaBn, 2009). monitoring system. These factors have been vargegroduce

contact recognition marks on the specimen. TheA&anonitoring

Experimental Procedure for Contact Recognition Systems have been used separately.

Experiments . .
Structure of the Contact Recognition Experiments

The experiments were carried out in plunge grindih@BNT ) L
1040 steel specimens with a CBN grinding wheel (4aén  The experiments were conducted based on a Fackuaysis
diameter). During the contact recognition experitaghe specimen involving the 3 major factors which influence oretfirst contact
was kept static (y= 0 m/s) without cutting fluid. The cutting speed”AErws signals. Among these factors were considered rifiecd
of the grinding wheel was maintained constantat22.5 m/s. velocity v, the integration time constanT, and the type of the

Before starting the experiments, the grinding wivess dressed, employed transducers in the experiments. Thesecréa were
the AE transducers installed, and both MS were sty The Varied in 2 levels (hight, and low|) whose magnitudes were
adjustments of the MS were firstly realized byisgtthe available Previously defined, Table 1. , o
filters in order to avoid the background noisetefice in the AE _Line 1A illustrates the experimental situation irhich the
contact recognition signals. The parameters relatedhe static factors “Integration time constantAT), “transducer”, and “infeed
threshold, gain, and RMS time constant play an itam role in the are set at the lower levels (10 ms, magnetic ser&anm/min,
contact recognition procedure. The parameters ti@iebas been Tespectively). On the used abbreviation, the nunibeneans the
based on the binary technique (Dornfeld and OlaeR001), i.e, first combination between factors and levels, wasréetter “A”
thresholdand RMS time constant should be as small as pessibMeans the MS-A was used (instead of MS-B). Eacleraxental
and gain and noise reduction parameters, as highsasble. situation was repeated 6 times, leading to a witald experiments

Due to the fact that the amount of material remosadeach fOr €ach MS.When using the MS-B the same methodology was
contact experiment is very small and the specéfinaval rate Q is ~ Implemented. The only difference consisted in tighér value {)
also very small, the wear of the CBN grinding wheein be for the factor “Integration time constantAT), which assumed the
disconsidered. The specimen was fixed between aitgtack and ~value 400 ms.
the headstock and positioned orthogonally to tifeeih direction, as

illustrated in Fig. 4(a). Table 1. Combinations of the factors and their resp  ective levels of variation.
Grinding spindle . ‘ i MS-A
Dressing roll vy, = Fast mfeed motion
x \\ Vo= Approaching infeed motion Experiments | Integration Time Transducer Infeed (mm/min)
F A-axis =2
Specimen ‘Abreviation Constant (ms) .
- mr_Coolant injector | g v=0 ¢ ) 1=333,33 ms | 1= threaded base | 1=6 mm/min
S, ioreaceputliots i [P I, S Aem) 1=10 ms = magnetic base| |=3 mm/min
| Q A —————
F‘-- £ _h b= i I Vin W‘Azr grinding e/ e 1A ﬂ ﬂ ﬁ
I N s S ek s
== '}“m‘r‘f |- Return of the W II:I_“E e ;i % % %
T erinding = :
Headstock  Specimen Center sleeve  Tailstock I\I\iixctt {\"
lime(s) da ﬁ ﬂ ﬁ
a) b) 5A ﬂ % %
6A
FigEre 4. 3) Wor::ingi chamber of the grinding machin  e. b) Infeed motions A % ﬁ ﬁ
of the grinding wheel.
8a 1 I !

At the beginning of each experiment the grindingeelhis The depths of the marks generated during the contac
positioned 250 mm from the specimen” (X 250). Figure 4(b) measured in a precision metrology device (Mahr MNMQ4

shows the stages of movement described by the iggnaheel F dasi d Factnialvsis which
during the experiments. The grinding wheel plungéh the infeed orm_tester), were used as input data on a Fact nal_ ySIS whic
h ermitted an optimized use of both AE monitoringsteyns in

velocit = 600 mm/min to a position at 0.5 mm away from thé® o . .
specirr?e\rllm(point 1in Fig. 4(b))_p Thereafter, théedu velzcity i recognizing the first contact and to verify theeetiveness of the
dropped to the infeed velocity, until the contact is recognized by AF monitoring systems.

the AE monitoring system (point 2 in Fig. 4(b)). &kiis point the

infeed motion is automatically stopped and reveitsethe CNC of Contact Recognition Results

the grinding machine. The relative displacementilesd by the

grinding wheel from point 2 to point 3 defines thepth of the mark
3, on the surface of the specimen. This depth isddlee time delay

in processing the signals and informing the CNGyelt as the time

delay of the CNC to stop and reverse the infeedem@nt of the

grinding wheel.

The contact between grinding wheel and the speciisen
featured by a physical mark on the specimen’s seirf@hich results
from the material removal from the specimen durthg time
between the first contact of a grit and the workpiauntil the

Through the realization of the Factorial Analysig, optimizing
condition for the contact recognition was achie¥ed each MS.
This condition takes into account all the combiorasi between the 3
factors involved and their respective levels ofiat&mn. The input
values for this analysis were the values of thetrdepmf the
measured marks {g). The optimized condition has been
characterized by the specific combination of fastand levels that
present the mark with the smallest value of deptbure 5 shows
the analyzed results for MS-A and MS-B, Yheans the average
valueof the depths of the marks when using MS-A, wheMass

26 / Vol. XXXIV, No. 1, January-March 2012 ABCM
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the average value of the depths of the marks wkemgMS-B. For
both MS the optimized condition is represented tsmall ,, the
transducer with the magnetic base, and low integraime. The
constant values that appear at the beginning of leafuations
represent the mean values @f,along the 48 runs for each MS.
Additionally, the coefficients refer to the statisi effect of the
analyzed factors on the mean values.gf a

MS-A

Y, =6.7036 + 3,1168(Infeed) + 0,3456(Transducer) + 0,3804 (AT)(Transducer)(Infeed) Eq. (2)

FACTORS
Oriinized | gy [ a1-
condition - Transducer= |
- Infeed= |

MS-B
Yg=8.,6161 +2,7784 (Infeed) + 2,092 1(Transducer) + 1,5674 (AT) Eq.(3)
FACTORS
condition - Transducer= |
- Infeed= |

Figure 5. Optimized results for the contact recogni tion.

Based on these results, the values of the infeletite vy, were
gradually reduced for each MS in order to carry @womparative
study regarding the efficiency in recognizing tlirstfcontact. The
contact signals were recorded and post-analyzed shiodved to
decrease when reducing the infeed velocities, & khown from
the literature (Konig et al., 1994; Dornfeld et, @995; Klocke,
2009). The obtained marks in this experiment wése aneasured
by the same way as done before, Table 2.

Table 2. Depth of the marks obtained with the infee  d velocity variations.

8. mrelated to different values ofy

Vir2

(mm/min) 15

15 10 10 05 05 03 03 01 01

MS B A B A B A B A B A

8m(mm) 0.83 1.77 0.52 1.31 0.22 0.44 0.13 0.22 0.13 0.09

Despite the lower values observed in the majoffityhe situations
when using MS-B (except fogy= 0.1 mm/min), it was not possible
to affirm that this system would have a bettercéfficy than MS-A
only by a simple comparison of these values. Thesefan additional
study was realized to compare both MS. This studyg tbased on a
Statistical Hypothesis Testing which considereddifference in the
means of the obtained depths by using the optimigiaghtion
determined earlier (See Eq. (3) and Eq. (4)). Bxiseriment starts
with two initial hypotheses (HO and H1). The hypestis HO considers
that the difference in the means is zero, (thdi@sj,-pig = 0) and the
hypothesis H1 considers that the difference in meamified during
the experiments should represent a better effigibgdthe MS-B (that

According to Montgomery (2001), asy P ty¢s.12 then the
hypothesis HO (HO: ppg = 0) must be rejected and the hypothesis
H1 can be accepted. Based on these results, itossitpe to
conclude that the observed difference on the medues §, and

x,) Is representative in terms of a statistical sefiéen it can be

affirmed that the MS-B has presented a better ieffy in
recognizing the first contact when using the optidi condition
predicted by the model.

1= Sample size —(x % .
Input data L d=(x, - x)/(258
[P o s= Standart deviation (% - Xp)(25)
MS-A MS-B X = Mean value of a_ Sp= Estimation of the. )
- - L ’ common standard deviation
n,=6 ng= 6 T,= Test statistic
5,7 0,50 550,63 Analysis and evaluation
=289 =218 - Xa- Xa- A Conclusion |
A- Xp- Conclusion
e T o219 REJECTS |
3 1.1 JECTS
Sp= 0,601 Ptz Ho
d=0,766 =1812
o/ “nptng2

Figure 6. Statistical parameters used while evaluating the Hy

pothesis Test.

Analysis of the AErus Signals from the Event of Contact

After determining the optimized conditions for bothS the
experiments were conducted in order to predictdbpths of the
marks by employing the Afssignal as a reference. For each MS,
six repetitions were executed and their gjE signals have been
recorded. The contact recognition signals were riest and
analyzed based on the parameters shown previaetyHig2). By
assuming that: a) the stoppage of the grinding Wheation is
associated with the higher value of thegpEsignal; b) during the
time characterized by the parameje(approaching time) the infeed
velocity v, is equal to the programmed velocity; c) the infeed
velocity W, is uniformly decelerated during the time représeérby
the parametert which is associated to the first oversteppinghef
static threshold; d) the displacement of the grigdivheel along the
decelerated movement numerically corresponds toatka in the
graphic v, x t (uniformly decelerated motion). Regarding the
AERrys signals connected to the experiment 1A1l, the et of
the depth of the mark corresponds to the time irclwthe ABys
signal is recognized. The depth of the mark waduated by the
following manner:

Approaching time, £t
Rising time, &:
Infeed velocity, ¥,:

hia1=4ms

FtylAj_: 228 ms

Vi» = 3 mm/min =50 um/s

4)

a

esional = T X Vi + (tr X Vyi,) 12

then

(% siGnad1a1= 5.95 pm

The same procedure has been used to the evaluatimiging
the other signals (1A2 to 1A6 and 1B1 to 1B6). Fégid displays
the depth of the marks obtained after measuripg) @s well as the
depths evaluated through the analysis of thegyAE signal,
(8e,si6naL)- Observing the obtained values it is possiblednclude

is, HL: pa-pg > 0) conducting to small values of the marks on thehat the values related tQ gsna. Were considerably higher than
specimen after the contact recognition. During éwaluations, a those obtained by.ga, for every experimental conditions for both
significance level otx = 0.05 was used. Figure 6 shows the majoMS. This information makes sense as the AE corsigetal in this
statistical parameters which have been determipedchieve the process happens much earlier than any notable islamoval. At
conclusion about the available efficiency for bieiB. the beginning of the contact, the elastic stragiated to the system
(grinding wheel, workpiece, machine tool) increasedil plastic

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright 0 2012 by ABCM January-March 2012, Vol. XXXIV, No. 1 /27



strains initiate to dominate. The initial plasttcains are not enough
to cause any material removal. As the plastic rstn@aches a
specific level, the removal process begins to qcchbeing
characterized by chip formation. After the infeetbppage, the
contact between grinding wheel and workpiece stifurs until the
moment in which every elastic strains are atterduét@nig, 1989;
Dornfeld and Lee, 2008; Klocke, 2009; Boaron, 2009)

MS-A MsS-B

o
8 8+

T _ B

26 ’—\/\\/ EN

s -

© © /‘\
4+—7 4 <
2 f\%\\+//%’%\”% 2 S e . 4

T 183 184
Experiments

1A1 1A2 1A3 1A4

Experiments

1A5 1A6

Figure 7. Obtained values of & ¢m and ae sienaL-

Experimental Setup for the Relative Position Experiments

Despite the better contact recognition accuracyseeed by
MS-B (Fig. 7), the MS-A was used in an industripplication due
to its flexibility and easy-to-use characteristi¢s. addition, cost
factors have also been decisive as MS-B needsaliaay analyzer
in order to digitalize the Ak signals and to allow a signal
analysis. The designed setup for experiments wateimented in a
cylindrical CNC tool grinding machine for broach@auffer/Zen),
Fig. 8.

Prof. Dr.-Ing. Walter Lindolfo Weingaertner and M.Eng. Adriano Boaron

AErys signals (from the contact) exceed the static toles
previously adjusted by the user. The &g signals were directly
sent to a laptop with a specific MS-A software tigh a RS-232
interface and could be visualized on the laptogseen. This
software digitalizes the A& signal using a sampling rate up to
1000 Samples/s avoiding aliasing problems. In paralthe
coordinates associated with the spark in and spatksignals are
stored in the CNC.

Experimental Procedureto Deter minethe Relative Position

The main goal of the experiments consisted in imgleting a
procedure to automatically determine the centrdlizess position
of the grinding wheel in relation to the specimehll the
experiments have been executed without cuttingdfluThe
centralized cross position between grinding wheel specimen is
associated with the Y-axis of the grinding machse that the
procedure receives the name ZER{. The term “ZERQO” refers
to the centralized position, whereas the term “AUT@eans the
automatic use of the Ays signals from the spark in and spark out
events. During the experiments to verify the ZERQY procedure
the specimen was kept static,(# 0 m/s). The contact between
grinding wheel and the specimen behaves as dedcbiéfere. It is
always desirable to achieve the smallest mark assilple to
minimize the influence on the dimensional tolerancef the
workpiece.

Even considering that the metal removal during dbetering
experiments is extremely small, before startinghegcoup of
experiments to verify the ZERQYro procedure, the grinding
wheel was dressed with a symmetric profile and MS8-A
parameters were adjusted based on the binary tpobr{Dliveira

The axisx, y, z anda (rotation of the workpiece) are CNC and Dornfeld, 2001). At the beginning of each ekpent the

controlled. The rotation of the grinding Wheb) (ind the additional grinding wheel was positioned in a secure distaabeve the
rotational axisbl andc (rotation and tilting of the wheelhead) aresyrface of the specimen 4Z= 2 mm), close to the centralized
manually operated with indication of the angulasipon on the position of the grinding wheel in respect to thecmen’s axis,

CNC’s screen. The grinding speed and feed ratesosmteolled by
the CNC program. The grinding wheel has a diameter0O0 mm.
The maximal workpiece length is about 1000 mm. Awamner to
allow the implementation of the automatic contaetognition
between grinding wheel and workpiece, the MS-Antegrated into
the CNC.

CNC tool grinding machine Monitoring unit

Connector DB-25

- I / vin6)
Output

\E
Monitoring
System

Infeed motor

Wheelhead

sz

L

I Headstock

RS-232
] )
AE Transducer | I Iﬂﬂ (R:nnei(m l
I‘Vﬁ:z - I_‘_ T

Tailstocl;l
Figure 8. Experimental set up for the tests in indu

Laptop with
AE software

I
I
I
Serial Port I
I
I
|
I

Tool

stry (Boaron, 2009).

The AE transducer was screwed on the tailstocks Plsition
showed the lowest interference from the moving camemts on the
machine and a good signal from the process. Theutifrom MS-
A were delivered to the CNC by means of pin-6 (@mtor DB-25)
of the MS-A. This pin is associated with the digiatput from the
MS-A and delivers a voltage signal to the CNC inpugry time the

28 / Vol. XXXIV, No. 1, January-March 2012

(Fig. 9 position “b” at left). The grinding wheel is themdered to
move toward the workpiece fv= 10 mm/min) on the Z-axis until
the contact with the specimen is recognized byMI&A and the
infeed motion is stopped (Fig. 9, position “a” aft). The
recognized contact position is stored in the CNEftother use.
The grinding wheel returns to the safe position ‘@id moves
along the Y-axis for about 10 mm and more 10 mnhenX-axis
(Fig. 9, position “c” and “d” respectively). Theigding wheel is
ordered to move in Z-axis down to the “z” coordmaand
incremented 0.01 mm {3 in relation to the reference position
recognized earlier on point “b”, then reaching pofe”. The
grinding wheel moves along the Y-axis crossing #iwrkpiece
completely until point “f". During this trajectoryhe grinding
wheel touches the workpiece. This contact is rezmgh by the
MS-A and is represented by the smaller mark onsfmecimen’s
surface. The AE signals in this first interactioavh shown to be
not adequate for a centering procedure. The positd the
grinding wheel is incremented for up to 0.01 mnpgy)(along the Z-
axis, position “g”, and then returned to the pasiti‘h” on the
back side of the specimen. During this movementctha&rdinates
associated with the spark in (Y1) and the spark(¥@) positions
are stored into the CNC and serve as referencetiqusi for
centering the grinding wheel in respect to the Bpen. The
grinding wheel is lifted to position “i", moved t§” and “k”
centered over the workpiece axis and plunged ineospecimen
until the contact is recognized, Fig. 9 (positiofi).” The
coordinates of this contact position are also st§gBonaron, 2009).

ABCM
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Figure 9. ZEROY auto sequential movement.

Structure of the Relative Position Experiments

The structure of the experiments is divided int tatages
(stagea and stagd). The stage experiments aimed to determine
the appropriate conditions in recognizing autonadific the
centralized position between grinding wheel andcispen by
analyzing the major influencing factors on the gk signals and

procedure. The mean value for each experiment wagpared to
the mean value of the manual procedure.

Table 3. Combination of factors and their respectiv. e levels of variation.

Manual procedure (mean value): 180,234 (A=-60°)
FACTORS REPETITIONS
EXPERIMENTS o iy ez Ve ZEROY yro ZE‘;?YM{W.t
e N T O I
=10 | =200 1=005 | |=262
1 | | | !, 180,620 | 180806 | 180804 | 180,746 0,022
a j l 180395 | 180645 | 180724 | 180588 0,171
b T l 180,565 | 180312 | 180423 180433 0,126
c Tj 181241 18137 181338 181316 0,067
d 1 180,833 180,937 180,743 180,837 0,097
ab 1 H 180226 180,245 180,245 180238 0,010
ac l 180,547 180,676 180,93 180,717 0,194
ad 1T [ 1e0s07 | 18019 | 180859 | 180485 0,257
be gij 180624 | 180978 | 181,008 | 180874 0213
bd | ﬁ 180,659 180,358 180451 180489 0,154
cd | r 181,126 181,541 181429 181,365 0,214
abe L U H 180,543 180,092 180,143 1180,259 0,246
abd 1 180496 180,201 180,054 180,250 0,225
bed 4 ﬁ 180,541 180,684 180,889 180,704 0,174
ade T i | T_T 180,604 | 181303 | 181482 | 181150 0413
abed [ 17 1T 180209 | 180215 | 180,139 | 180,187 0,042

The levels of variation have been determined byenlisg the

thence on ZEROX(ro procedure. During this stage, the values oboundary limits to be used without damaging the hitee These

the centralized position by using the ZERQYo procedure were
compared to the mean value achieved when usingntheual
procedure. Among the factors that significantly luefce the
ZEROYuto procedure are the cutting speegdtihie depth of cutea
the traverse infeed along the Y-axig,vand the value of the
integration constant tim&T (selected on the MS-A). Moreover, the
relative angular position between grinding wheell apecimenk
has also shown an evident influence on thesyEsignals and,
consequently, on the centering values by using ZBROY,ro
procedure. This angle was chosen equal to 18° andi = -60°,
representing the angular limits of the helical asghf the broaching
tools to be manufactured. Figure 10 shows a schertgt view of
the tool grinding machine’s working chamber and #rgular
positions used during the experiments.

CNC tool grinding machine

| . |
| Y |
I . | Displacement d1rect10n |
I X a |
: l Workplece: :
I I
I _ I
|~ |
: I

. |
I Headstock Grin dmg wheel Tailstock |
- __ 1

Figure 10. Schematic top view of the working chambe .

The 4 mentioned factors were varied each at 2 defedlowing
the scope of a Factorial Analysis. The combinatibthe 4 factors
and their respective levels of variation have ledattotal of 16
experiments, Table 3.

For each of the 16 experiments, 3 repetitions &2,,R3) have
been done in order to achieve a representative mealre and a
standard deviation of the centered position, usitgZEROYAyto

values also corresponded to those normally usethglthe daily
jobs on the machine. The level of variation conegdb the factor
AT was selected in such a way that the ZER@¥ procedure
could be implemented. The analysis of the 4 fadtasbeen carried
out for the critical angular positionifig= -60°. The results for this
position were compared to the results Xor 18°. The best results
obtained automatically were close to the mean valb&ined
manually. Table 3 detaches the combination of facfresenting
the best achieved results. After conducting the e4eriments
regarding the stage experiments, it was possible to verify the
experimental conditions which conducted to the estamean values
between both procedures (ZERQYo and the manual procedure).
Among all the 16 experimental conditions just 4 dnahown to be
useful. The best results were achieved when usiagxperimental
conditions “ab”, “abc”, “abd”, and “abcd” which ametached in
Table 3. By employing the condition “ab” the angupmsition of
the grinding wheel was then modified fo = 18° and the
ZEROY,yto procedure was verified again. Table 4 shows the
obtained results after 6 repetitions using thisdétbon:

Table 4. Achieved results when using the condition “ab” and the angular
position A =18°

REPETITION R1 R2 R3 R4 R5 R6 MEAN Ssauto

(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
ZEROVYauto 47.94947.95248.06748.06647.90347.901 47.973 0.069
ZEROYuanuaL 48.122

Despite the difference in about 0.15 mm observethénmean
value founded with ZEROXro procedure in comparison to the
mean value obtained through the manual procedure
(ZEROYyanuaL), the results have shown this experimental
condition could be considered as possible to bd aséboth angular
positions of the grinding wheek & 18° and\ = -60°) leading to
close values between both procedures. Meanwhilerdee the real
efficiency in finding the centralized position WItAEROYa 70
procedure, it was necessary to analyze the resiitsned along the
second phase of the experiments, stage
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The stagé experiments consisted in comparing the efficienfcy

Prof. Dr.-Ing. Walter Lindolfo Weingaertner and M.Eng. Adriano Boaron

The scanned profile (measured profile) shows texteemely

the ZEROYAuto procedure and the manual procedure in achievingaut of the desired tolerances. As the main goahis study was

centralized symmetric groove on a specimen forathgular position
of L = 18°. The comparison was made by measuring tbangr
groove on the specimen. The groove was measured cnordinate
measuring machine and referenced to the axis ofvtitepiece and
the reference profile. In this procedure the refeee profile is

independent of the judgment of the grinding mactdperator. The
machined groove profile was scanned and exportedspecific

software allowing the visualization of the actualdathe designed
profile. The software also permitted to determile tdistances
between the measured and designed profile on degsigdtions.

Resultsand Analysisfor the Relative Position Experiments

Along the stagex experiments, all the Afys signals originated
during the interaction between grinding wheel aratkpiece could
be recorded and analyzed. Figure 11 shows a repatse Alys
signal captured along the second traverse moveaidht grinding
wheel in relation to the specimen (displacemenhy.

-Vfrz + 3o

=600 |  [eon |
b
2 Entrance ! Outgoing slope
E slope [ \
< Nl W
> | \
I \ Y1
| \ Threshold
t (ms)

Figure 11. Characteristic of the AE  rys signal during displacementg —h.

It is possible to observe that the entrance slsgggher than the
outgoing slope. This behavior is highlighted thhouge auxiliary
dashed lines in the figure. The difference in thdrace and
outgoing slopes is due to the metal removal ab#ginning and at
the end of the contact between the grinding wheelthe specimen.
During the traverse movement of the grinding whretespect to
the specimen, the metal removal starts when tisé dorner of the
grinding wheel gets in contact with the specimed stops when the
second corner of the grinding wheel loses contaih whe
specimen. During the time the grinding wheel i€a@mtact with the
specimen a nearly continuous 4\ signal is generated.

The obtained results during the stdgexperiments have been
achieved with an angular positioning bf= 18° and a grinding
wheel presenting a symmetric involute profile. Bdirst approach,
the grinding wheel was manually centered. The 4 &gserimental
conditions that have been encountered previousthe werified with
ZEROYuto procedure, in order to guarantee a reliable re3iie
combination “ab” (see Table 3) has led to the dbseean value to
those obtained manually (54.84 with ZERQYo procedure,
against 54.83 obtained with manual procedure). Bingithese
mean values of the centralized position, a groose machined on
the specimen for each centralized position. Thegeathe position
of the grooved profile was measured in relatiorth® axis of the
specimen. To compare the efficiency of both proceslin reaching
a centralized position between grinding wheel goetsnen, it was
necessary to evaluate the deviations from the dedigorofile.
Figure 12 illustrates an example of the measurefil@rcontinuous
lines) and the overlapping of the designed prdfileshed lines).
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related to the determination of a centralized pmsibetween the
grinding wheel and specimen, the correction of dhessed profile
has to be done in a second step, out of the sdoihésaesearch. It
is shown that the achieved centralization by u&iath procedures
presents a good result in terms of the relativeitiposto the

designed profile. Both procedures lead to machgredves whose
profiles appear to be adequately centralized irresice to the
designed profile.

‘ CENTRALIZING PROCEDURES (£=18°) ‘

AU, - o [

e~ 1
[ AM D ST A\ Dusx !
| \ |
\ AB, .o ABg 1
- Dyme
‘ a) Manual Procedure |
AU, = ~= AU
I AM; N _\ - Groove-_ A’ . VV’AMR \ Dyax » Designed profile
, \ / | Measured profile
-
Du
1) ZEROY 1m0 |

Figure 12. Achieved centralization by using the man
ZEROY auto procedure.

ual procedure and

The symbol A corresponds to the gap (error) between the
measured and the designed profile. The letters &Y “L”
represent the sides of the groove in which the oreasent of the
deviations was carried out (“right” and “left” sidespectively).

Figure 13 compares the measured values at the upher
middle (M) and bottom (B) positions of the grountdadesigned
profiles by using both centralizing procedures. Tegiation of the
centralized position is also shown. The softwaeg #uperposes the
measured and the designed profiles considers tke flieat the
middle position M. If there is a deviation at tlog t it indicates that
the centralization of the grinding wheel is not quagte. The
centralization that has been done by the operatan(@al procedure)
shows a deviation of 0.01 mm at the upper positidnich is close
to the required tolerances limits and far worse ttieat achieved by
ZEROYuto procedure.

\ CENTRALIZING PROCEDURES (A= 18°) |

‘ Manual Procedure ‘ ‘ ZEROY,y10 ‘
Measuring Deviations Measuring Deviations
Position A (mm) | Ag (mm) | A (mm) Position A, (mm) | Ag (mm) | A (mm)
U 0,091 | 0,101 | 0,01 U 0,088 | 0,085 | 0,003
M 0,168 0,168 0 M 0,162 0,162 0
B 0,201 0,208 0,007 B 0,197 0,204 0,007

Figure 13. Achieved centralization by using the man
ZEROY auto procedure.

ual procedure and

Conclusions

Based on the results that have been presentedsipassible to
verify that both AE monitoring systems are feasitiledetect the
first contact between grinding wheel and speciniéme obtained
results from the Factorial Analysis show the averaglues of the

marks when using the MS-A and MS-B Weﬁze.mm and

ABCM
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Xg =8.6um, respectively (Eqg. (2) and Eq. (3)). The finesults
achieved from the Statistical Hypothesis Testingehaxhibited a
better efficiency by MS-B in recognizing the cortaa the 3 axis
CNC grinding machine employed. This behavior wa® alerified
when comparing the average values of the measusetisnta )
and the averages values of the marks obtained blyzng the
AERus signals (asiena) from the contact events.

The proposed procedure (ZERQYo) is feasible to be
implemented in a practical sense, especially whealyaing the

angular position of. = 18°, which represents the smallest helical

angle used for machining the broaching tools. Assh advantage,

Mestrado, Laboratério de Mecéanica de Precisdo, UFSd&hta Catarina,
Brasil.

Dornfeld, D.A. et al., 1995, “Investigation of Acgfic Emission for Use
as a Wheel-to- Workpiece Proximity Sensor in a éiRdrasive Grinding”,
American Society for Precision Engineering, AustiX,

Dornfeld, D.A., Oliveira, JJF., 2001, “Applicatioof AE Contact
Sensing in Reliable Grinding Monitoring” CIRP Ansal Manufacturing
Technology.

Gomes, J.J.F., 2001, “Identificacdo em ProcessdVideanismos de
Desgastes em Rebolos”, Tese (Doutorado em Engerlti@danica), Escola
de Engenharia de Séo Carlos, S&o Carlos.

Hwang, T.W., Whitenton, E.P., Hsu, N.N., Blessi@V ., and Evans,
C.J., 2000, “Acoustic Emission Monitoring of Higped Griding of Silicon

the ZEROYayro procedure has led to an insignificant deviation ifNitride”, National Institute of Standards and Teclugy, Manufacturing

relation to the designed profile (0.003 mm at tbp measuring
section) while the use of the manual procedure gotedl to a
higher deviation (0.01 mm) at the same measurirggiose The

second advantage that was noted in using the ZERBRY
procedure consists in the centering time of 30 guired to

determine the centralized position between grindimgel and the
specimen. The production is habilitated to statérafinding the

centralized position. The manual procedure takesvaenage time of
about 5 min to find a centralized position. Fosthrocedure it was
always necessary to control the position of th& fyround grove in
the metrology laboratory, demanding time (up toesalvhours) to
start production.
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