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Abstract. Conventional threading operations involves two distinct machining processes: drilling followed by threading.
To make the thread machining, just after concluded the drilling step, some time need to be spendingin order to change
the tools or for move the work piece to another machine. This paper presents an analysis of the combined process
(drilling followed by threading) using a single tool for both operations. A dynamic model of the machining centre was
developed and experimental measurements using accelerometers were caried out. In addition to this, a numerical
model based on finite element method (FEM) was developed and the operating deflection shapes (ODS) method was
also applied. This FEM model allowed us to determine the displacements of the machining centre. Furthermore, the
fixture system was optimised using experimental data and the mathematic methods (FEM and ODS). The results
showed that there are excellent correlation between the dynamic stability of the machining centre-tool holder and the
tool life.
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1. INTRODUCTION

Drilling and tapping processes are commonly ancelyidpplied in metal cutting operations. AccordingErtunc
and Oysu (2004), drilling process represents nedit%y of all the metal removal procedures in thesgace industry.
It is possible to measure the importance of thesegsses, taking into account the study of Furaess (1999). They
reported that the drilling process was respondidnelp to 50% of all machining in the U.S.A. in thad of 1990s. If in
one hand the tapping and drilling processes arelwiapplied, on the other hand they are difficalcontrol. The full
control in these processes is challenging due tdkpiece materials, depths and tolerances of ttad firece and others
details that difficult the machining processesatferror occurs while selecting or controlling thachining parameters
and the machine and tool stiffness, these opematian cause irreparable damages in the workpietecdim result on
its discharge. Undoubtedly this would representifizant losses because the tapping process is cmiynapplied in
the final step of the machining process. Thereftme] and cutting conditions must have a standdraéxzellent
reliability.

In the conventional method, the machining of intteead involves two different operations: firstlyetdrill is
responsible for machining the hole and then, thertaachines the thread. As a result of this, treventional method
requires the use of two different tools (drill aager) resulting in expending time (idle time) &ranging the tools (if
both operations can be carried out in the same im&chr even in moving the workpiece to another niae.

Nowadays, the majority of the machines in line efiad production are equipped with automatic tdwhrge. The
tool change spend approximately five seconds inmaeal this time could seem insignificant. Nevertks] when it
comes to machining thousands of workpieces, thig tbecomes relevant and can reduce drasticallynéehining
efficiency. To avoid the excessive tool change tjtgntoday it is available on market a new teclogyl of
manufacturing tools and machines. In the conveatipmocedure the whole operation is carried ouiio machines
(each one is responsible for one part of the wedgimachining procedure). In other words, one nmachiakes the
hole and second one manufactures the thread. Mieer@cessary for changing the tools is eliminatedding this two-
machine configuration. But, the installation of thierkpiece in each machine continues to spend firhes procedure
could be automated by using robots in a manufawuwell configuration, however it would continuesipend time and
new investments are required in the automatiorhefdperation. In addition to this, in the convemsiomethod it is
necessary to use two different tools (drill andetdpEach one has its own cutting parameters (euiting speed, feed
rate, and depth of cut) and cutting fluids. The#féer@nt tool characteristics mean different toa@hhaviors and,
consequently, different tool life stages for theneaguantity of produced workpieces. Due to thiss éxtremely hard to
manage this manufacturing process.

A promising alternative method is the use of areeig tool identified as a tap mill tool (Fig. 1) makes the thread
of a raw workpiece, in other words without the poerg hole. Thus, this inner thread machining tetbmeliminates



the need of tool change and the use of two machirfesdrilling and tapping operation are realizgdshme tool in the
same machine.

Figure 1. Tap mill tool (diameter of 5 mm and ldngf 65 mm).

Figure 2 shows the entire process. It starts whertdol approximates to the workpiece. In the feilg two steps
(a and b), the tool acts as a drill, feeding agahms workpiece and machining the hole — blindhwotigh. At the end of
the course, the chamfer is also made (one may wbskat the tool presented in Fig. 1 has a rearagvden the drill
body and the shank). In the third step (c), thd teturns/; of the pitch, this way the drilling is completehd
threading process is started in the fourth stepigdyvhich the tool is moved from the centre linedaapproaches the
hole wall with two relative movements: rotation anahslation. In the following step (e), the ridgee milled with the
same movements. The sixth step (f) occurs inversetize fourth, with the tool returning to the aenline. In the last
step (g), the tool is set back to the original posi Obviously, this technology eliminates the eesity to change tools
or machines. Also, the tool specified to machine M@ thread is capable to make an M7. Another opmral
advantage is the fact that the inversion of thedipirotation is not necessary anymore (in theittcahl methods, the
taper feeds against the workpiece clockwise angrngtanti-clockwise in synchronous movements, dmedspindle
have to be stopped before the reversion. what saaeteral machine wears).
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Figure 2. Tap Milling scheme (Gurgel, 2006).

The use of monitoring techniques is extremely irtgoar during the machining process because it pesvid
information about the behavior of the whole proce&scording to Jantunen (2002) the wide use of mated
production is possible only if there is a methodikable for tool wear monitoring and tool breakatgection. Tool
wear influences the quality of the surface finisld ahe dimensions of the parts that are manufadtiae to this, the
economical tool life cannot be benefited withoutetiable tool wear monitoring system. Today, tobbhrges are
defined based on conservative estimations of ié®Mhich does not take into account sudden fadard causes an
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unnecessarily high quantity of changes. This caagie estimation for tool life does not considee tool full lifetime
and, consequently, valuable production time is lost

Therefore, the main objectives of this study amedhlaluation of the machining evolution, the par@ngerelated to
the spindle and the dynamic stability of the preceabke quality of the thread profile machined adoay to the
dimensional tolerance, and the determination of dieplacements of the machine centre based on pleeating
deflection shapes method (ODS). In addition to, tthie fixture system was optimized based on matkiemaethods
(FEM and ODS). In the next section we present atskeeiew of ODS method and equations. Then thenodzlogy
applied during the research is described. The Hosgction shows the results obtained and the kdtios, the
conclusions.

2. ODS - Operating Deflection Shapes

Vibration problems in structures, vehicles or ofiata machinery often involve the excitation of sfuwral
resonances, or modes of vibration. Many types ofhimery and equipment can encounter severe resenafeted
vibration problems during operation. In order tagliose these problems, an animated display of #udime, vehicle
or structure’s operating deflection shapes is ofteaful. In most cases, structural responses atear a resonant
(modal) frequency are “dominated” by the mode, #mel ODS closely approximates the mode shape. Dubigp
Richardson (1997) affirms that ODS and modes afatibn are closely related.

Experimental modal testing (performing a modal syjvis usually done under controlled stationarynftime
varying) conditions, using one or more excitersitii@rmore, the excitation forces and their corresiigy responses
are simultaneously measured. In many cases, efipesith vehicles and operating equipment, the nueasient
signals may be non-stationary (time varying) areld@Rcitation forces cannot be measured. In thesescéhe use of a
controlled sine force to excite the structure isnowmn. Due to this, different post-processing isunexyl aiming to
display ODS'’s from a set of measurements. In otal@btain the modes of vibration, the excitatiorcéois applied on a
specific place that is not a vibration mode node (structure point that has no displacements) hedekcitation
frequency should be close to one of the resonfitegeencies. In this situation, the ODS presentsyibration mode
and shows the related structure displacement.

ODS applications are usually divided into threeegaties: visualization of the vibration patterracftructure under
given operating conditions (Pai and Young, 2001juctural fault detection (Waldron et al., 2002ydamodal
parameters acquisition without the need of an expartal modal analysis (Margolis and T. Shim, 20@arloo et al.,
2002, and Han and Feeny, 2003). ODS analysis aavider significant trouble-shooting and analysis attages for
vehicle manufacturers at much less expense tham oththods, such as modal analysis. As advantagepassible to
cite: (a) The measurement of force inputs are equired for ODS, but must be measured to perforrdahanalysis
(an expensive additional task); (b) ODS algorittare straightforward and easy to execute, provigeny quickly, an
overall view of structural problem areas; and (£)SJs not limited by a basic mathematical model.

Of course, modal analysis has its advantages dsamel one may elect to use one method to completherother.
The experimentally acquired vibration data are deadly displayed on time or frequency domain chastsfortunately,
these representations produce a poor visualizafidtihe correlation that exists between all struetacquisition points.
As a result of this, the use of 3-D animation prhees is very common in ODS studies. In this wthik, ODS tool was
implemented together with a FEM tool, following thtatic equilibrium condition for each time steps it is written on

Eq. (1):
[KHu(t)} ={r(t)}, fori=12,...T @

Where:K is the structural stiffness matriu(t) is the structural displacement vectoft) is the instantaneous force
vector; and is the i-th time step.

The instantaneous force and displacements vectayse written as:
rl(tl) rl(tz) I'l(tT)
[R] - r2(:tl) I’2(:t2) rz(:tT)
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Where: n is the total acquisition point quantity.
Re-writing Eq. (1):
[KIV]=[R] Q)
The degrees of freedom that matches the acquisitioimts present known displacementfJ], , Where:

[U]b=[{u(t1)}b {u,)}, - {u(tTt}b] and T isthe total quantity of time steps. Thenmkn displacements are
represented byU], , whédl, =[{u(t)}. {u(t)}, - {u(t;)}.] .The eduium equations canbe divided as
follows:

{[K]aa [K]ﬂ[[UIaH[RIa}
(Kl (Kl V1] |IRI,
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Considering that all external forcB8.  are:null

{[K]aa [K]ab}[[U]a} :{ [0] }

[Klw (KL 101, ] [IR), ©
Taking the first equation set:

[K]alU], +[K]4[U], =[0] -
So:

[KlaalU1. = {K]u[U], =[R], @)

The displacement matrigy],  is calculated byatgorithm for static solution case (SaturninoQ20
3. METHODOLOGY

The work material was the aluminum alloy, ISO Al8jCwhich is largely applied on engine heads and $aibgars
that are manufactured by the cast process. Dukigpa micrographic analysis and hardness teste weried out to
observe the microstructure of the alloy and to iobiis properties. The knowledge of these propsrigeessential in
order to obtain a better performance of the manfipirocess. All tests were realized in a CNC manbieentre, that
has a 10,000rpm maximum rotation spindle, 12kWa#ife power, and cutting fluid flowing through tkentre of the
tool. Aiming to improve the stability of the toolewused a fixture system composed by a hydraulickchu

The cutting fluid is a mineral oil, soluble in watat 8% concentration, which was monitored daily dptic
refractometer. The tap mill material was a K 1IS@dg uncoated cemented carbide. This tool is ahieatchine M6 and
M7diameters and it has a 28° helix angle, 140anigie, 1mm thread pitch, maximum depth of 2.5xDigmand three
cutting edges.

The cutting conditions were chosen to avoid theunsdtfrequencies and the introduction of other exdé
phenomena that could influence the machining psacBEsus, a rotation of 8,000 rpm was selected,niedns a cutting
speed of 150.8m/min and the feed rate of drillisgf 0.04mm/rev.z, where in z is the number ofingtedges. The
tapping feed rate is of 0.05mm/rev.z and the depthe hole is of 17.6mm.

In this evaluation was considered that the endof life occurs when the maximum flank wear reacB&5mm.
The tool was measured using an optical microsc@iber way to affirm that the tool reached the emdife is a
catastrophic fail. This 0.05mm threshold value wlassen taking into account a end of life conseveagistimation due
to the tool high costs and the required workpiacality.

The dynamic stability of the process was evaludigdmeasuring the acceleration of the system (wéaliesl
accelerometers in the work material, near to théngutool -fixed part on the spindle and in thbleaof the machining
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centre). Then, the dynamics of the machining precas be represented in the frequency domain loyleding the fast
Fourier transform (FFT) of the data. Aiming to exstke the dynamic stability of the set composed bykpiece, tool
and machining centre table, the ODS tool develdpe8aturnino (2004) was used (Fig.3).

Figure 3. ODS model.

Aiming to optimise the work material fixture on tineachine centre, three fixture configurations wevaluated
using the FEM (Fig.4). The evaluation of the wodqa (threaded holes) was done using a geometridasta called
calibrator gauge. This device is used to calibhates M6 x 1.0 with work quality 6H, thus its sidet step correspond
a limit of 6.0080 + 0.00075mm; while its side netepsis of 6.0015 + 0.00075mm and the side damatggu is of
5.9990mm.

Figure 4. Models of fixture systems for FEM evaloatusing: a) 2; b) 4; and c) 6 bolts.

4. RESULTS AND DISCUSSION

General view of the work material during the geametvaluation using a thread calibration gaugshiswed in
Fig. 5-a. The distance between centres of the wadssadjusted on CNC program in 8mm.

@ (b)

Figure 5. General view of the work material aftexaimined some threaded holes (a) and transversersetthe
machined work-piece after 5,691 threads holesT{hg. details of the material porous are indicatedrogws.



Fig. 5-b shows the transverse section of the machivork material after 5,691 threads holes. Obggrthis figure
one may observe the presence of some porous atbanglansverse section, that is attributed to @asforiginated
when the casting process took place. Due to thie sémsitivity of the threading process, those psrane extremely
undesirable for its dynamic behavior and consedyean promote the catastrophic failure of the tbwlbration levels
reach some critical values. On the other handhiglk chemical affinity between the tool materiaéifeented carbide)
and work material (Al-Si-Cf) promotes adhesion on the rake face and cleafanegas can be observed in Fig. 6, after
machined 5,691 threaded holes. In the Fig. 6-aflémk face is highlighted and low flank wear issebved. Figure 6-b
shows the rake face and no crater wear can bewdusefhen, based on the analysis of Fig. 6, wasluded that
negligible wear was observed and the tool geomedrgains like a fresh tool. However, the presenceadifered
material should alter the tool geometry hence comise the dynamic stability of the process.

Figure 6. View of the tool after 5,691 thread holse machined (a) and detail of the tool rake {&age
3.1. Optimization of the displacements and fixturesystem by ODS
Figure 7 shows the displacement for the work maltdrase, on the machine tool, when excited at tdiéferent

spindle rotation and evaluated using the ODS tomigest displacements were observed when excite@aBrpm and
concerning to machining process this was the poomslition evaluate.

p
LA

(a) (b)

[

(©)
Figure 7. Maximum displacements for excitation ifslle: rotation of 7,333 rpm (a), 8,000 rpm (l)d#®,333 rpm (c).
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3.2. Fixture system

Concerning the fixture system (for 2, 4 or 6 bol&}. 8 present the results obtained using the @DE One may
observe in this figure the maximum displacementthefset workpiece and base of the machine to@dttition to this,
these fixture systems were also evaluated usirigM, s shown in Fig. 9. We used the MSC Patran strida software
to model the system. We observed that the centea af the workpiece, that is the effective arean@achining the
thread holes, presented the worst fixture when @nbpolts were used. In contrast, when 4 or 6 bolise used, we
achieved a higher stability, what facilitates oo@btain higher quality pieces while saving the tde.

(@) (b)

J

(©
Figure 8. Maximum displacements for fixture systesing 2 bolts (a), 4 bolts (b), and 6 bolts (c) BSanalysis.

Table 1 presents the first natural frequenciegherset workpiece and base of the machine todlhiee different
fixture arrangements (2, 4, and 6 bolts). It isgilie to observe that using 4 or 6 bolts tileatural frequency reaches
a value almost five times higher than when onlyoRsbhwere used. This means that a fixture systeth wior 6 bolts
guarantees that the vibration amplitude of thewsmild be smaller if the machining parameters amgtiey the set at
low frequencies (100 — 200 Hz), common situatioh#ievmachining workpieces in a standard CNC macigjrdentres.

Table 1.  Natural Frequencies of the system.

Bolts Quantity Natural Frequency [HZ]
2 140.82
4 922.73
6 857.48
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Figure 9. First vibration mode for fixture systesing 2 bolts (a), 4 bolts (b), and 6 bolts (c) -M-&nalysis.

3.3. Vibration measurements for the optimized systa up to 30,253 machined threads

The acceleration was evaluated at different timepsstduring the process of machining 30,253 thredtie.
corresponding results are presented in Fig. 10sd figures show the quantity of work materialsgérency (frequency
domain using FFT) and acceleration amplitudes.dchework material 495 threads were machined. Basethese
figures we can observe clearly that there is adnag for increasing the acceleration amplitude wthenmachining
time increases (and consequently the quantity afhined pieces). On the other hand, the spectraeofrequencies
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remain almost the same during the whole processiefore, we can conclude that extremely low weavasbserved,
together with adhered material on the tool, wafigant to increase the magnitude of the accelenadif vibration.
Figure 11 shows the quantity of threaded holesnduthis study. The first tool used machined exattly threads
before the catastrophic failure. The second onekiwg at optimized spindle rotation (8,000 rpm) tiaed more than
5,500 threads. However, after optimized the fixteystem (we used 4 bolts instead of 6 to reducdithe spent to
prepare the tests) the tool was able to machine than 30,000 threaded holes (without the tollsted@hic fail).
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Figure 10. Acceleration of vibration on frequenpgstra — fixture system using four bolts in (a)yfr@,980 to 12,870
threaded holes and in (b) from 27,720 to 30,25&4tied holes.
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Figure 11. Machined threads versus cutting conaigibdifferent optimization stages.
4. CONCLUSIONS

In this paper we presented results on the usequernool developed for hybrid machining processiving drilling
and threading. Initially we tried to understand apdimize the process by applying various methodstaols (such as:
ODS, FEM, acceleration amplitude measurements,oatidal analysis of the tool at different stagéxjefly, we can
concluded that the ODS technique proved to be aepgoltool to evaluate the displacements of thekwmaterial and
machine tool base. The ODS results helped us tosehthe best machining parameters. In additiohis) the use of
FEM could help us to optimize the fixture systemwniding to work close to the natural frequenciésn lthe beginning
of this research we were able to machine only tweaded holes before the catastrophic failure efttol, after the
ODS and the FEM studies we could optimize the p®esnd reach more than 30,000 threaded holes (withidure).
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