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Abstract. The precision internal plunge grinding is employed on machining responsibility parts of mechanical industry,
as manufacturing bearing rings. However, there is a lack of knowledge about this operation, what makes clear the
need of improvement, enabling the production of high geometric precision tolerances, typical of the abrasive
machining, along with cost reduction. It is noteworthy, in relation to the present study, the reduced propagation
regarding academic research, due to difficult execution of the process. There are three main problems to be solved:
cutting fluid application, in virtue of the difficult penetration on the contact region between the workpiece and the
wheel; tool bending, because of its reduced dimensions; and intense heat generation, being the cause of the prolonged
contact time. This work aims to study the behavior of high speed internal plunge grinding, on hardened steel finishing,
using three white aluminium oxide wheels of different composition and properties, one ceramic grain wheel and three
cooling methods: conventional, minimum quantity lubrication (MQL) and the optimized proposed by Webster. The last
two appear as optional choices concerning reduction or eliminating use of cutting fluids due to ecological regulations. The
experimental method consisted in experimental machining testing, all with the same machining condition. The
evaluation took place by means of output data as surface roughness, roudness errors, and diametral wheel wear. The
optimized method of lubri-refrigeration presents itself as a viable alternative to the use of cutting fluids in industry, because it was
possible to obtain good results in output variables, when compared to conventional and MQL methods. It is noteworthy that outlet
fluid velocity must be the closest to the wheel cutting speed, in order to exist a better penetration of the fluid on the contact zone
between wheel /wor kpiece.
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1. INTRODUCTION

Grinding is the most common designation used tindeghe machining process that makes use of alergsiticles
to promote material removal. Grinding is traditibypaconsidered as a finishing machining operaticapable of
providing reduced roughness values {fm 0.05 um to 3.2 um) between narrow rangelgrance (dimensional
between IT4 and IT6 and compatible geometricalrémlees) (Malkin, 1989; Chang and Szeri, 1998; Natiaal.,
1999; Dinizet al., 2000; Lee and Kim, 2001).

In grinding process, the interactions between deagrains of the tool and the workpiece are higiniiense,
causing the high required energy per unit of volwheemoved material to be almost consummatelysfamed in
heat, localized in the cutting zone. The high terapges generated can produce several thermal dertagthe
workpiece, such as: superficial burns, micro-stiait alterations involving phase changes, formatidnresidual
stresses, deteriorating the final quality of thenofactured product (Malkin, 1989; Liabal., 2000).

The process improvement, aiming the control of tferconditions during the operation, makes an esirgly
focus on proper tool selection, in relation to thaterial to be ground. Also, the lubri-refrigeratimethod and types of
cutting fluid used have the function of reducinigtfion and heat, being responsible, as well, fgyedling the removed
material (chips) from the cutting zone. Adoptinggh procedures, it can be possible to machine migh material
removal rates, manufacturing products with high atisional and geometric quality, providing the almagool a
greater life cycle (Salest al., 1999; Websteet al., 1995a).

Websteret al. (1995a) emphasize that cutting fluid applicati@s fundamental importance in grinding process, due
to the intense friction between workpiece and tbahly increasing the temperature in this regidavertheless, fluid
jet is also important to promote removal of metips and loose abrasives during the process. Tthe@uanalyzed the
conventional lubri-refrigeration methods, and viedfthat the removal of corners in nozzles coulgrisne the cutting
fluid flowing. Therefore, it was chosen a desigmedzle capable of providing an outlet velocity fégtthan 45 m/s,
maximizing lubri-refrigeration effect on the contapone. Moreover, authors observed that applinatielied
fundamentally on nozzle placement, jet velocity atistance from the contact zone between tool andkpiece.
Campbell (1995) noticed even the effects of theutargplacement of the nozzle, because, accordirigg@uthor, an
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improper direction of the flow can allow the appeare of air currents, which are harmful to theingtfluid trajectory
to the cutting zone.

The main objective of the present work, howevetpiserify the possible advantages in applicatiod eesults of
the optimized lubrication method proposed by Wahisteelation to conventional and minimum quantitipricant, in
high speed internal plunge grinding of hardenedlstesing four distinct wheels. This comparisonl wé made by the
following output variables: surface roughness anthdness errors of the ground workpiece, and wiiaetetral wear;
thus, it would be possible to determine which patams, including the lubri-refrigeration methodiews rates and
tangential speeds, will provide the best results.

1.1. Optimized method proposed by Webster

According to Webster et al. (1995b), it is possiioleeduce considerably the temperature on cuttomge by using a
fluid jet directed straightly to this area; howeveigh velocity values are required to its effeetppenetration. Making
use of a circular nozzle, it was found the accemégtiiction of temperature, when compared to comnwealt nozzle,
which has a dispersant and low speed flow.

Also according to Webster (1999), due to the ingugtoductivity growth and the increasing use oihding
operation, great volumes of cutting fluid are betmgmecessary. It should be watched out for thdieatpn of the
water-based cutting fluids, with reduced densityl gmesenting elevated dispersion when used withveattional
nozzles. So, with the need of great volumes oflftoi compensate this loss, it is necessary to aglapders containing
huge reservoirs, refrigeration units and more pfwgrumps. On the other side, using the optimizesthmd, there is
an expectation of reducing the cutting fluid used,aconsequently, the costs with application, gferand discard,
generating thus savings for industries.

Other problem to be analyzed is the air barriewbet the nozzle and the workpiece, that shouldisreigted by
cutting fluid; so, it is necessary, again, the agpion of an efficient nozzle. It should be takato account its shape
during the fluid inlet and outlet, as well as i¢ernal surfaces. The concave ones provide a keftemt, because they
tend to approximate the fluid layers formed inside nozzle. That reduces turbulence, on the conthithe convex
ones, whose tendency is to separate the fluid dafgemed. Another very important aspect on the leodesign is the
presence of corners near the outlet opening, aepted in Fig. 1. This figure illustrates the clacunozzle used by
Webster (1995a), and a traditional one.

@

®

Figure 1. Optimized (a) and conventional (b) shapezles

According to a research conducted by Webster (1)99be speed with that the fluid penetrates theéirayizone
must minimize the possible impacts fluid/tool dgriits penetration. That was found when the fluidoeity
corresponds to the peripheral wheel velocity (upit@lation of velocities). In this case, thereaisendency to occur
penetration of the fluid, with the same speed asatbrasive grain, eliminating significant interfeces on the part of
the grain during material removal.

1.2 Minimum quantity lubrication (MQL)
According to Klockeset al. (2000), it is extremely important on the procekgrinding, the existence of a fluid flow

directed to the contact region between workpieaktanl, which contributes to heat dissipation aechoval of chips,
easing the cutting operation.



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

On the MQL technique, the responsible element éftigeration is air, which has lesser capacity effigeration
than emulsions, due to its reduced specific hgaadty. For that reason, oils with excellent capeof lubrication are
used, aiming to compensate the insufficient peréoree of refrigerating air.

Therefore, according to Kloclkat al. (2000), minimum quantity of lubricant (MQL) teclynie can be understood as
a little amount of lubricating oil mixed with a cpmessed air flux, forming a mist which is perfusedthe contact
region between workpiece and tool. It is foundpathat the lubricating properties of the oil enygd in MQL are
responsible for reducing the friction, minimizingus the heat flux generated, maintaining the taohirange of
temperatures that do not harm its performance.

Heisel et al. (1998), Dorr (1999) apud Silva (2004) and Kloddeal. (2000) listed some advantages of MQL
technique compared to conventional lubri-refrigierat

- Use of little amount of cutting fluid, exemptingetinstallation of a circulation system;

- Filtering and recycling of lubricants can be avaige

- Cutting fluids consumed in conventional processdase the need of maintenance and problems ofrdiacal

ejectment;

- Workpieces obtained at the end of process are alinpsexempting the subsequent process of washing;

- The reduced percentage of oil mixed to the chissdwmt justify its recovery;

- The application of biocides, fungicides and preatives can be eliminated, since the amount of iegjstil at

the reservoir is assesses for only shift, beingefoee, constantly renewed and impeding the badtatiack.

Heisel (1998) observed also that MQL utilizationlays the appearance of thermal gradients. In thee ad
conventional fluids, the surface heat is removed ifaster speed than at regions closer to the cemeause the
superficial zone is covered by fluid. The gradieate responsible for bringing on heterogeneous aystiuctural
changes, resulting in internal stresses that wijredde the mechanical properties of the material.

However, it can be observed some disadvantage<ih,Momparing to conventional cooling, for examples need
of installing a pneumatic system capable of préssuhe air and other equipments, such as exhausesponsible for
suction of pollution suspended on air. Specialditt® must exist also concerning the noise genérayethe air flow
and the contact between workpiece and tool, harnsome eventual communication during process exatuti
(Novasky and Dérr, 1999; Kloclet al., 2000).

2. MATERIALS AND METHODS

The experimental setup consisted in a CNC cylirdrgrinder RUAP 515 H-CNC from SulMecanica, to whic
were attached some accessories, as: high rotatiaeh flor internal cylindrical grinding, where it wiised the wheels; a
support to fix the workpiece, manufactured in ortteeliminate the localized stresses on the clamgtion; optimized
and conventional nozzles; and MQL pneumatic systemas also used a dresser, to provide the resharg of the
wheel, and the workpieces, made of quenched artdneaf SAE 52100 steel (common in bearing manufiactur
hollow cylinders, with an average of 60 HiRardness.

The wheels used were conventional white aluminad4lwheels, one with specification of 38A100MVHB; a
conventional white alumina wheel, with YT treatméadidition of sulfur), 38A100MVHBYT; a conventionahite
alumina wheel, with “12” treatment (addition of netl waxes), 38A100MVHB12; and a ceramic 5ES 1000MVHB
wheel. All wheels were provided by Saint-Gobain @gdives Ltda. According to the manufacturer, thennodijective of
the alumina treatments is to increase lubricatibrthe contact workpiece/tool, avoiding burns andsamuently
improving the product final quality. Also, the whempregnated with sulfur is undesirable at the kvenvironment,
therefore the one with 12 natural waxes is unhatrhfawever, it may not have the same performanci@previous
one. Both have superior cost in relation to conesial wheel, and for that reason it should be edrout a study to
make its use viable.

In the present work, the workpieces were groundh@deiubjected to three different flow rate values, the
optimized method of lubri-refrigeration: 21 I/mih6 I/min and 12 I/min, which correspond to outlelocities of 27
m/s, 20 m/s e 15 m/s, respectively. Conventionathot was employed with a flow rate of 10 I/min; aML, a
pressure of 784,5 kPa was kept constant. Beforsténeof each test, the abrasive tools were aksikd.

In the operation, for each test, 180 cycles of 8rpdial feed were executed, removing an amount4f tnm from
the workpiece internal radius. After the testsythere cleaned and the output variables (roughmeasdness errors,
and diametral wear) were measured.

3. RESULTS AND DISCUSSION
3.1. Surface Roughness

Figure 2 illustrates surface roughness values, esggd in micrometers (um), for each condition diritu
refrigeration and wheel used.
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Figure 2. Roughness versus lubrication type

Analyzing,a priori, the results for conventional wheel, it can befiest that the flow rates of 21 I/min and 16 I/min
probably provided a more efficient penetration tod tutting fluid in the contact zone between thekpice and the
wheel, due to the disruption of the aerodynamicibarin virtue of the higher closeness to theingtspeed (30 m/s),
minimizing thus the friction, heat generation andtiog forces.

When the flow rate of 12 I/min was used, the eéfidy of refrigeration was substantially reducedisaag the raise
of surface roughness, because the aerodynamiebwaais probably not disrupted; it must be takea aticount that the
fluid jet is restricted, limiting the outlet ared the optimized nozzle (in relation to the convendl). However,
nevertheless the result of this flow rate was nsatésfactory than when MQL was used, for not emgpeiffectively the
chip expulsion from the contact zone, thus presgrttie worst results of all tests.

For the ceramic wheel, it can be verified that mpted method of lubrication, independently of thewf rate,
presented the best results, despite being worse thase from conventional wheel, being the caubes same
previously mentioned. Restricting the analysishe optimized method, it can be noted that the hidlosv rate (21
I/min) provided the lower value of roughness; ahdttis no significant difference between those iokth from the
lower ones (16 I/min and 12 I/min).

For all tools, the optimized lubri-refrigeration thed, when properly applied, using outlet jet spekxe to the
cutting speed, provided the lower roughness valBash fact can be explained by the better effigiepa the contact
zone, of heat removal, friction and cutting forceduction. However, when flow rates of 12 I/min ar@ll/min were
used, not always the method assured better perfmemadue to the fluid jet restriction, what prewemroper
penetration on the contact and ineffective aerodyodarrier disruption, as occurred on the wheataiming sulfur.

When MQL technique was used, the obtained resudts wlways worse in relation to the higher floveraptimized
method. That is due to the inefficiency on chipmagal, as they cluster with the lubricant and bee@nkind of grout
which remains on the cutting zone and scratch thekpiece surface, deteriorating the finishing imted. It can be
noted that, independently of the wheel used, MQavigied similar results for roughness. Also, it danstated that
MQL technique does not efficiently works in grindimperations, probably due to the centripetal &atbn that
pushes away cutting fluid expected to get intocihiging zone.

Comparing the conventional wheels to the cerarhicam be noticed that the latter presents a clexisiit typical
of high material remove rates, due to its grainapgh(more sharpened); the obtained roughness,afoe dubri-
refrigeration method and same machining parameters always superior to when used the conventiwhakl.
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The wheel containing sulfur did not provide goedults, in relation to conventional, because itepare already
impregnate with this chemical element, so the chipnot find a proper exit, diminishing the cuttiapacity of the tool
and harming the results.

The wheel with 12 natural waxes treatment, dedpdtéing also impregnated pores, provided very simmidsults
comparing to the conventional wheel (excepting whsed conventional refrigeration); however, its isseot justified
due to its high cost in relation to the conventialamina wheel.

3.2. Roundness errors

Figure 3 illustrates the roundness errors, expdegsenicrometers (um), for each lubri-refrigeratiorethod and
wheel used.
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Figure 3. Roundness error versus lubrication type

In a similar way to what occurred with roughnedscan be verified that for conventional wheel, ¢thevas a
reduction on roundness errors when used the hiifjndr outlet velocities. This reduction was sigoéntly accented
with the flow rate of 21 I/min. That is due to tfrection reduction between wheel and workpiece, imining cutting
forces; resulting, thus in a lesser bending onakis that supports the wheel. In that way, vibratmroduced by
grinding on the grinder system is lower.

Analyzing the ceramic wheel, it can be found tiat best result obtained was with the higher flote (&1 I/min),
from the optimized method, due to: the efficieneyisrupting the aerodynamic barrier, better lutiamn of the contact
zone and reduced cutting forces, diminishing thstesy vibration. When using 16 I/min and 12 I/mihcan be
perceived a significant increase, in relation ewenconventional and MQL methods. Such fact is cdusg the
difficulty in introducing the fluid on the contazbne, not only in virtue of the presence of an dgnamic barrier, but
the difficulty of the fluid in accessing the greaintact area between workpiece and wheel, whiclribotes for a
worse lubrication, and consequent loss of shapéramease in the system vibration.

In relation to MQL, it can be noticed that with tbenventional wheel there was obtained the wosiltg due to
the higher wheel loss of shape, caused by fricBorce this lubri-refrigeration method did not behitself as lubricant
as the other ones. In the case of using the ceralmiel, the results obtained for MQL are similathe conventional
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method, because in this case (one characteristtbeofvheel, as explained by the manufacturer), etéer shape
maintenance, thus reducing the roundness errors.

When used optimized method, the conventional wipgesented the best results, when compared to agrami
evidencing that the more efficient the lubricatitie better is the performance concerning roundessss. However,
when the use of less efficient methods of lubriigefration (conventional and MQL), the ceramic whaesented the
best results, in virtue of its shape maintenan@aieristic (as previously explained), inexistentthe conventional,
which loses its shape, by higher friction in moggere conditions, and system vibrations.

In the case of the wheel containing sulfur, optediznethod with flow rate of 21 and 16 I/min did moesent
difference in relation to conventional, and allulés obtained with this abrasive were significaritigher comparing to
others. That occurs because, as there is sulfuregmated on the pores, the chips do not find agiregit surface,
increasing thus the cutting forces involved. Wiihttincrease, there is an elevation of vibratioth Eundness errors. In
other words, the lubrication effect generated djuswas not able to suppress the effect causeddsyruction of the
wheel pores. That is evidenced clearly on the tgkere the worst lubrication conditions were usgatifnized method
with 16 I/min and MQL), which presented the higheundness error values.

The wheel containing 12 natural waxes, despiterftpalso its pores impregnated, presented good noeafce
when the application of conventional and MQL methotihat occurs, because this wheel can combindisfastéory
lubrication effect, in virtue of the waxes, withbatter exit surface for the chips, providing thedtér results on the
more critical conditions of lubri-refrigeration. &rving the optimized method, it can be noticech@ease on the
roundness errors with the reduction of fluid jetleuvelocity, in virtue of the stress increase sml by worse
penetration of fluid in the contact zone, and thetauction of pores ended in resulting worst resuit relation to the
other lubri-refrigeration methods studied.

3.3. Wheel diametral wear

Wheel wear occurs due to three main factors: agglot wear, abrasive wear and grain friability @eipy of the
grain of generating new cutting edges, when subjetd stresses). This variable has a great impmetan grinding,
since higher wear mean shorter wheel life cycles.

Figure 4 illustrates the wheel diametral wear gach lubri-refrigeration method and wheel used.
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It can be verified in Fig. 4, that for the convental wheel where it was used the flow rates of/@in and 16 I/min,
there was obtained the best results; it can bednateendency to worst results, when used lessieaitidubrication
methods, due to increase of cutting forces, andaxurently in wheel wear.

With the results from ceramic wheels and thosetdérbavith 12 natural waxes, it was not possible atice any
tendencies concerning the machining parameterstrandther relevant factors in grinding operatidhat is mainly
due to the way the tool is worn, and also in theecaf sulfur wheel, where was an irregular wear tfusystem
vibration generated by high cutting stresses, dtefding and great contact area. This fact is ptedeclearly by the
high standard deviance values found in some results

It can be emphasized the difficulty in measuririg thariable, since it was made by visual access@AD software,
and the lack of a more efficient method to obtéie wheel diametral wear. Besides, the tool willale/ present an
irregular wear on its surface, adversely affecthigaccuracy in measuring, when used the appliedade

4. CONCLUSION

From the results obtained on the tests carriedvithtthe three lubri-refrigeration methods (convenal, optimized
and MQL), and the four types of grinding wheelsnfpentional, ceramic, with sulfur and treated with datural
waxes), it can be concluded that, for internal glugrinding of SAE 52100 quenched and softened: stee

The disruption of the aerodynamic barrier and tigladr efficiency of cutting fluid penetration oretontact region
were better when using optimized refrigeration hvitte higher flow rate of 21 I/min, in the majority tests; in this
case, there was a higher reduction of frictionticgtforces and temperature, causing the besttsesfiroughness and
roundness errors. The only exception occurs wighrttundness error of the wheel treated with 12rahtuaxes, that by
having impregnated pores, prevented a better guttisid penetration, and thus better results.

The optimized method of lubri-refrigeration preseitself as a viable alternative to the use ofiegtfluids in
industry, because it was possible to obtain gosdlt®in output variables measured, when comparembhventional
and MQL methods. It is noteworthy that outlet flviglocity must be the closest to the wheel cuttipged, in order to
exist a better penetration of the fluid on the aochtzone.

The individual characteristic of each wheel wastedninant factor on the results, notably the céramheel, that
is clearly suited for higher material removal rat@svirtue of all results from this wheel genechtégher values of
roughness, in relation to conventional wheel. The af impregnated lubricants (sulfur and 12 natumaes) on the
wheel pores increased machining forces, due tdliffieulty of the ground chip to be expelled frotmet contact zone,
what harms the results obtained. Thus, the usemifntic wheels and ones with impregnated lubricauatsld not be
viable, because conventional wheel is cheaper esgkpts a better performance.

The available method of measuring wheel diametes imable to provide any conclusions, due to ttegirar wear
on the wheel surface and the difficulty to measmd quantify this variable. However, a tendency lsamoticed only
when using conventional wheel, which shows thaighdr outlet fluid velocity provides better resutiswheel wear,
what can probably be an increase in wheel life.

5. ACKNOWLEDGEMENTS

The authors are grateful for the given materiahfr8aint-Gobain Abrasivos Ltda., and also gratefulrésources
from FAPESP — Fundacdo de Amparo a Pesquisa ddd&d&aSao Paulo, process # 06/61764-4 and CNPaqse®tm
Nacional de Desenvolvimento Cientifico e Tecnolégic

6. REFERENCES

Campbell, J.D., 1995, “Optimized Coolant Applicatip Technical Paper, MR95-211, Society of Manufacty
Engineers.

Chang C.C.; Szeri A.Z., 1998, “A thermal analydiginding”, WEAR, n° 216, p. 77-85.

Diniz, A.E., Marcondes, F.C., Coppini, N.L., 200Tecnologia da usinagem dos materiais”, ArtilibaditBra Ltda,
Campinas, SP, Brasil, 22 Edicao.

Dérr, J., 1999, “New Perspectives in Dry Machining® Seminario International de Alta Tecnologianevacées
Tecnolbgicas na Manufatura para o Ano 2000, UnirAgjo,

Heisel, U.; Lutz, M.; Spath, D.; Wassmer, R.; Waltd., 1988, “A técnica da quantidade minima dédfis e sua
aplicacéo nos processos de corte”, 1998, RevistpuMas e Metais, XXXIV, n° 385 — Feb, p. 22-38,.

Klocke, F.; Beck, T.; Eisenblatter, G.; Lung, D.Q0D, “Minimal Quantity Lubrication (MQL) — Motivatn,
Fundamentals, Vistas”, In: 12th International Cgllaum Industrial and Automotive Lubrication, Tecéuotie
Akademie Esslingen, 11-13 January, 14p.

Lee E.S., Kim N.H., 2001, “A study on the machinicttaracteristics in the external plunge grindingngighe current
signal of the spindle motor”, International JouraBMachine Tools & Manufacture, Vol. 41, p. 937495



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

Liao, Y.S.; Luo, S.Y.; Yang, T.H., 2000, “A thermabtodel of the wet grinding process”, Journal of &ftatls
Processing Technology, n° 101, p. 137-145.

Malkin, S., 1989, “Grinding Mechanisms e Grindingriperatures and Thermal Damage”, In: MALKIN, S.r@nng
Technology: theory and applications of machininthveibrasives. 1.ed. Chichester, Ellis Horwood Léahit

Nathan, R.D.; Vijayaraghavan, L.; Krishnamurthy, F999, “In-process monitoring of grinding burnthe cylindrical
grinding of steel”, Journal of Materials Processireghnology, Vol. 91, pp. 37-42.

Novaski, O., Dérr, J. “Usinagem sem refrigeracd@®@99,Revista Maquinas e Metais, XXXV, n° 398 — Mar.18-27.

Sales, W.F., 1999, “Determinacdo das caractersstiefrigerantes e lubrificantes de fluidos de ¢ohD Thesis,
Uberlandia, MG, Brazil, April, 166p.

Silva, L.R.; Bianchi, E.C.; Fusse, R.Y.; Frangay.T Neto, L.D.; Catai, R.E., Aguiar, P.R., 2004,gikcacao da técnica
de Minima Quantidade de Lubrificante - MQL no prsmede retificagcao”, In: Congresso Nacional de Bhgaa
Mecénica - CONEM 2004, Belém, Par4, Brazil.

Webster J., 1999, “Optimizing coolant applicatigstems for high productivity grinding”, Abrasivesalgazine.

Webster J., Cui C., Mindek Jr. R.B., 1995a, “GmgdFluid Application System Design”, Annals of 8&RP, Vol. 44.

Webster J., Cui, C. 1995b, “Flow Rate and Jet MgloDetermination for Design of a Grinding Coolirgystem”,
presented at 1st International MachininGrinding conference, September 12-14, Dearborn, Ml

Webster J., 1995c, “Selection of coolant type gualieation technique in grinding”, Supergrind, [052218.

7. RESPONSIBILITY NOTICE

The authors are the only responsible for the pdimaterial included in this paper.



