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Abstract-The efficiency of the rnetal cutting operati<lns.<.lcpends uP.on lle. 
thcrmalifrictional conditions at

the rool_chip inrerfacc.'Th. ur" of high p.&r** waterjct as a coolrnrlrubricanl tcr impr'vc the thcrmal/

fricrionat conditions in milling opcrations *ui ,tudi.d herl. The influcnce of high Prcssure wate rjet delivcrcd

into toor_chip interface in iwo differenr methods. namery. warerjer injected.directry inro thc tool-chip

interface through a troie in ttre root rake-i;;;. ;"a ,nareri.r injecicd inro.roor-chip interface through an

external nozzle.was explored in this stuoy,-ihe effectiveness of thcsc clevcloped methods was evaluated in

t"i.t uf cutting force' iurface finish' chip shape and tool wcar'

I .  INTRODUCI ' ION

Machining is a process of material removal in which the loss of material is caused by

effecting a relative motion between tool and workpiece. Due to removal of material

in the form of chips, new surfaces are cleaved from the workpiece accompanied bl u

rarge consumption of energy. The mechanicar energv necessary for the machining

operadon is transformed into heat, leading to conditions of high pressure' high ternpera-

tures and severe thermal/frictional conditions at the tool-chip interface. The greater

the energy consumption, the more severe are the therntal/frictional conditions, conse-

quentty making the metat cutting process more and more inefficient in terms of tool

life, dimensional accuracy ancl matirial removal rate. With the advent of carbide tools

and other new rnethods of machining, the efficiency of the metal cutting operations

has improved to a certain extent under nOrmal cutting conditions'.However' lmProung

the performance of metal cutting oPerations in -h.igh 
speed machining and in the- case

of machining difficult-to-machine materials is still a major concern' It was found that

the efficiency of metal cutting operations depends to a large extent on the effectiveness

of the cooling/lubrication provioed. A flood of fluid directecl over the back of the chip

is the rnost common meth;d of applying the curting fluid. However' this method loses

its effectiveness at higher cutting tp.tJt. lt was found that a high pressure coolant/

lubricant jet injected into the tdl-;hip interface provides effective cooling/lubrication

and consequ.nily improves the machining performance of the tool'

A number of attempts [1-6J ,u.r. mude in the past to improve cooling/lubrication

in high speed machining una iri the case of machining of difficult-to-machine materials

by the use of a high prJssurized coolant/lubricant ;et. tn generat, all attempts to aPPly

pressurizeO cuttin! fluid can be classified into three groups' namell'. coolant/lubricant

jet injected into iool-chip interface through an external nozzle [l,5ll jet delivere.d

into the clearance between flank and machined surface [2], and jet injected directly

through the tool rake face into tool-chip interface [3. 4. 61. The results achieved by

these investigators were very encouraging. cutting forces were reduced, chip shape,

surface quali-ty and tool life improved.-thireby incieasing the metal removal rate, and

improving the overall performance of the machining operation'

From all these invesiigarions, it was evident that applying cutting fluid in the form
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of a jet at higher pressures into the cutting zone is more beneficial than conventional

cooling techniques. A high pressure *urctJ-.t brought as a coolant/lubricant through a

hole in the rake face ofiool reduces secondary shear, lowers interface temPeratur€s,

unJ .nunges chip shape. Until now, investigations carried out in this direction were'

in general, limited to low pressures where th! cutting fluid is not capable of penetrating

deep enough into tne tooi-chip interface to dissipaie heat as quickly as possible from

the apprclpriate regions in thl cutting zone. Further, all these investigati'ns were

limited to stationaiy single edge cutti-ng tool operations. However. there is a great

need to improve machining perfortunrJ by impioving cooling methods in the case of

rotary tool operations rike drilling and miiting 
-especiitty 

while machining difficult-to-

machine materials.
The objective of this study is to evaluate the effectiveness of high pressure waterlet

cooling/lubrication of tool-ihip interface accomplished in two different methods' In

the first method, waterjet at a high pressure *"r di*rted into the toor-chip interface

through a hole drilled in the tooliake face. This developed cooling/lubrication system

was used in conjunction with face rnilling operation. In itre second method' a waterjet

at high pressures was injected into tttt ioot-chip interface, through a remote nozzle'

This method of cooling/iubrication was tested ih the case of down milling operation

while machining titanium alloy. The effectiveness of the above cooling methods was

evaluated in terms of cutting ior.., surface finish, tool life and chip shape'

2. EXPERIMENTAL SETUP AND PROCEDURE

2.1. High pressure wateriet cooling through tool rake face

The experimental setup shown in Fig. 1, where a high pressure waterjet was injected

through the tool rake face, consists of-a nigt Pressure intensifier pumP' verticalgtlt^"g

machine, four component dynamometer,-chlrge amplifrer, A/D convertor' PC/AT

with suitabre software. printir and stainless steil o,orkpiece. In order to conduct this

study, a high pressure ioolant/lubrication system which is suitable for rotary cutting

roots was deveropJ p--g).High pressure water from the intensifier pump is brought

to the milling machine through a stainless steel tubing. The compressed water from

PRESSURIZED WATER

HIGH PRESSURE

INTENSIFIER PUMP

Fig. l. Experimental setup-waterjet through tool rake face'
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rhe stationary high pressure tubing is supplied to the rotary cutter through a swivel'

hollow draw bur, anb sapphire orifi--ce locaied at the end of the channel which connects

ro rhe EDM drilted hole in the carbide inserr. The design of high pressure waterjet

coolant/lubricant system through tool rake face is shown in Fig' 2'

The orientation if tn. jer towards the tool-chip interface depends uPon the location

of the hole in the insert. A hole located close to tip of tool would deliver the waterjet

effectively into hot zones of tool-chip interface. However, the hole located too close to

tool tip reduces the strength of tool tip, conseguently leading-to its chip off'--Since it is

not economically feasible to locate thi hole by mere trial and error, an on-line optical

sensing technique was developed. The resulti from these tests suggested that a hole

positiJned .t u dirtunce of l.2j mm from tool tip along the cente-r !i1e 
is the best location

for rhe cutting conditions employed in this study' Photographs of chip flow corresponding

to an insert with hole positioned at a distance of t-25 mm from tool tip, and the orientation

of waterjet towards tool-chip interface are shown in Fig. 3.

The workpiece is clampeb on the top of a four cornponent dynamometer' Cutting

force exerted by the tool is measured "tong the three cornponents' X, Y and Z' The

cutting parameters were chosen at four different levels, and the stainless steel samples

were cut for a length of about 75 mm by varying each parameter and keeping the

other parameters cJnstant at their rnean uilu"s. The process parameters employed are

given in Table l. The chips produced under various cutting conditions were collected

ior analysis, and the surfaie dnish of the cut profile was measured in terms of roughness

average, R.. In order to understand the influlnce of hydraulic parameters on machining

performance. the above experirnent is repeated for diiferent water Pressures and orifice

diameters.

2.2. High pressure wateriet through external nozzle

The experimental setup in the case of se,:ond method shown in Fig' 4 (waterjet

delivered at high p..rrur", through a remote nozzle into tool-chip interface) consists

of a high pr.rr,ri" intensifier putp' horizontal mitling machine' three component

Wacr
=+

-l- Ps161Y Swivel

Main Flow Channcl

Feed Channal

lnscn.

\/ Fig. 2. High pressure waterjct cootant/lubricant system through tool rake facc'
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(a) Spee d = 71.8 m/min, feed = tZ"l mm/min
depth =0.89 mm

(b) Speed = 91.7 mlmin, feed = 8.9 mrn/min
dePth =1.02 mm

(c) Pressure = 68.8 MPa,
orilice dia. = 0.125 mm

Fig, 3. Photographs showing the position of hole -,,ilil" to chip (a) and ffow of waterjet through rake face

dynamometer, dam acquisition system,. portable surface tcster and a tool maker's

*i.ror.ope. This developed coolant/lubricant system [l0l wa-s used in conjunction with

a down milling operatio; on a horizontal milling machine. Waterjet brought from the

high pressure lntensifier pumP was directed through an external nozzle at a low rake

"r,!1.'from a direction perpendicular to the cuttint edge in such a way that it hits. the

rake face of the cutting iniert approximately 2 mm before reaching the cutting edge'

The workpiece is cla-mped on itre top of a three'component dynamometer' Different

levels of cutting ,p..Ot, lnd depths of cut were employed keeping the feed rate fixed'

The procrs pur.*eters employed in these experiments are shown in Table 2' Tool

life tests were carried out by repeated visual examination of flank wear at several

stages during machining. Further. in ortle. to study the influence of water pressure'

separate tests were coniucted. A new cutting edge was used for every test performgd'

The chip shape pro{ucecl was analyzecl, and the surface finish of cut was measured in

terms of roughness average ' Ro'

Insert \\\-ttchip

Inseft -.Jl I l-cnip

v
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Table l. Process Parameters-waterict through tool rake face

t463

Constant conditiorts

Workpiecc material
Diamcter of tbc cutter
Type of operation
Max number of inserts
Number of inserts used
Type of the insen used
Geometry of thc inseit

Range of cutting sPeed
Rangc of cutting feed
Range of depth of cut
Lcngth of the cut
Typc of cooling used
Water pressure
Orifice diamcter

Cuning speed
Cutting fced
Dcpth of cut
Length of the cut
Typc of cooling used
Rangc of walcr Pressure
Rangc of orifice diameter

Stainless steel AISI 3O4
50.8 mm
Face milling
5
I
TPG322 (K313)
Rake angle - 0
Nosc radius = 0.8 mm
Clearance angle = ll

Expcrimcntal variables-Phase I

47.9-95.8 m/min
5.10-12.70 mm/min
0.51-1.27 mm
75 mm
High pressure waterjet
68.8 MPa
0.250 mm

Experimental variablcs-Phase 2

71.8 m/min
8.9 mm/mirt
0.89 mm
75 mm
Flood and high Pres-sure waterjet
0-l l0 MPa
G-0.45 mm

v

Fig. 4. Experimcntal sctup-waterjet through cxternal nozzlc'
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Table 2. Process Parameters-waterjet through cxtcrnal
nozzle

Constant conditions

Workpiecc material
Type of oPeration
Numbcr of inscrts used
Type of the insert used

Titanium Ti'5AI-4V
Down milling
I
sPG633 (K873s)

Experimental variablcs

Range of cutting sPeed
Feed/tooth
Range of dePth of cut

Type of cooling used
Orifice diameter
Range of water Pressure

70-lEO m/min
0.27 mm
0.7G1.52 mm
High pressure waterjet
0.51 mm
0i-i93 MPa

3. RESULTS AND DISCUSSION

3.1, High pressure wateriet cooling through tool rake face

In order to investigate the influence of high Pressure waterjet (applied at a constant

pressure of 6g Mpa .'nd througt an orifice o-f dia. o.rzs mm) in terms of cutting force,

surface finish, tool wear and chii J"p., the first phgse of experiments was carried

out. The experiments were conducted b"er a range of cutting speeds (47-96 m/min)'

feeds (5-13 mm/min) and depth of cut (0.5-1.3 tt). In order to study the effect of

varying plessures (0-110 MPa) and orifice diarneters (0-0'45 mm) on the performance

of high pressure waterjet cooling, another set of experiments were performed"The

conventional cutting parameters were kept constant during this study (tpe!9' 7.9'8 ml

min; feed, 8.9 mm/min; depth of cut, O.Sl mm)' The evaluation of the effectiveness

of high pressure cooling is based upon ih. .o.*parison of cutting forces, surface quality,

chip shape and tool riear obtain;d under high pressure wateriet cooling with those

obtained in the case of flood cooling'
A typical overlay of cutting force -o.ponents under flood cooling and high Prcssure

waterjet cooling obtained und", varioui cutting speeds, feeds and depths of cut are

shown in Fig. 5, The variation in the X component of force with increase in cutting

speed is shown in Fig. 5(a). It was observed that the cutting force comPonents obtained

with the aid of high pressure waterjet coolin g ^t: alwayr less than those obtained in

the case of flood r6ofng. A drastic reduction 6f "bont 40% was observed in the cutting

force components. Figure 5(b) shows a typical overlay of force cornponent with varying

feed. As expected, inirease'in feed rate ienas to increase the cutting force components'

Here also, it was found that the cutting force components obtained in the case of high

pressure waterjet cooling are always 
-less 

than those obtained in the case of flood

cooling. The influence of depth of cut on cutting force comPonent for two different

types of cooling is shown in Fig. 5(c). The cutting force comPonent is much less in

the case of high pr"r.urc wateijet-cooling as co;Pared to fl9o9 cooling' With the

"ppfir.tion of f,igh pressure waterjet, tutfi." finish is improved.significantly as shown

in Fig. 6 where roughness uurrugi is plotted against vaiiation in cutting speed, feed

and depth of cut.
A plot of cutting force components with change in water Pressure is shown in

Fig. (a). The X component force was found to dicrease drastically with increase in

water pressure. The tiend observed in the case of Y component and Z component

force is similar. Figure 7(b) shows the variation in force comPonents with variation in

orifice diameter. Fiom Fig.-8, it can be clearly seen that with increase in water Pressure
and orifice diameter, theiurface finish gradually improves with the improvement more

significant at lower pressures than at hlgher piessuies and orifice diameters. Figure 9

sh-ows typical chip strape obtained in ihe case of flood cooling and high Pressure
waterjet cooling under iirnil", cutting conditions. It can be seen from this figure that
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the chips obtained in the case of high pressure waterjet cooling are much smaller than

those obtained under similar cutting conditions in the case of flood cooling. Further,

the chips obtained in the casc of flood cooling were found to be blackened due

to intense heat generated at tool-chip interface. The scanning electron microscope

photographs of chips obtained under different water pressures and orifice diameters

arc shown in Fig. 10. The tool-chip contact surface obtained in the case of flood

cooling is very rough indicating the intense shearing action in the case of flood cooling.

However, the tool-chip contact surface obtained with the help of high pressure waterjet

cooling is smooth indicating the absence of high shearing forces. Photographs of carbide

insertJ used for high pressure waterjet cooling and flood cooling clearly indicate the
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9  1 3

Fecd in mm/min

0 . 9  1 . 3

Depth of cut in mmCutting speed in mlmin

Flood Cooling High Prcssurc Waterjct Cooling

Fig. 6. Surface roughness (R") vs cutting parameters'

influence of high pressure waterjet on flank wear' The photograph of insert after

50 min of operation in conjunction with high pressure waterjet cooling is shown in

Fig. ll(a) and the corresponding insert ut"d iothe case of flood cooling is shown in

fil. f f(Ut. It can be observed that the width of flank wear is much higher in the case

of flood cooling as compared to that in the case of high Pressure waterjet cooling

indicating a longer tool life in the case of high pressure waterjet cooling'

The reduction in cutting forces, tool wear' and improvement il effrciency of metal

curting operation with the aid of high pressure waterjet cooling/lubrication could be

due to several reasons. The penetration of the waterjet into tool-chip interface results

in the formation of a hydro-wedge which provides hydrodynamic lubrication by serving

as a boundary lubricaut preventlng to a lirge extent the intimate contact between tool

and chip. tn ttre case of fiood cooiing, the intimate metallic contact between chip and

tool results in an extreme secondarf deformation zone, encouraging tool wear' The

greater the area of contact, the highlr is the friction at the tool-chip interface. In llt
case of high pressure waterjet cJoling, the formation of hydro-wedge at tool-chip

interface tends to keep the chip away Ttorn the tool rake face and thereby promoting

self-breakage effect. The presence of much bigger serrations on the contact surface in

the case of flood cooling as compared to high pressure waterjet cooling is an indication

of intense shearing ".iion in iht ..t. of flood cooling. The improvement in the

effectiveness of thJ cooling/lubrication at higher pressures and orifice diameters can

be related to formation and growth of hydro-wedge. An increase in water pressure

and orifice diameter is accompanied by a corresponding growth in hydro-wedge which

tends to keep the chip farther and farther away frorn tool-chip contact surface.

The effectiveness oi cooling/lubrication action of high Pressure waterjet was found

to increase with increase in water pressure and orifice diameter. But after reaching

certain optimum value of water prirrurr and orifice diameter, a further increase in

hydraulic parameters was not found to be very beneficial in reducing cutting forces

und itproving surface finish, chip shape and tool life. The chip flow in the case of

face miiling is-highty fluctuating una unpredictable making it difficult to locate the hole

in such r ,ruy thal the jet orieniation is appropriate for all cutting conditions. However,

the delivery of jet into the tool-chip interface could be improved by directing the jet

in the form of a spray through minute holes made in the tool insert or by providing

grooves on the inieri which act as guideways in directing the jet into the tool-chip

interface. Further investigations need to be carried out in this direction'

Spccd=71.8 rrVmin
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Fig. 7. cornponents of curdng force vs (a) water Pressure and (b) orificc diameter'

3.2. High pressure wateriet through external nozzle

In order to investigate the influence of a high pressure wateriet injected at high

pressures into tool-ctiip intertace through an external nozzle, experiments \ryere carried

fut Uy performing down milling of titlnium alloy' The experimglts were conducted

o"", " iung" ot .itting speeds 110-fAO m/min), depth of cut (0'76-1.52 mm), and at

a fixed feed of 0.27 mmlrooth under the influence of high pressure waterjet applied

through an orifice of diameter 0.51 mm. The results obtained from these experiments

were lompared with those obtained under similar cutting conditions using conventional

cooling technique. Further, in order to study the influence of variation in waterjet

prrrrui, on *u.hining performance, experiments were conducted over a range of water
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Fig.8. Surface roughness (R,) vs (a) water Pressure and (b) orifice diameter'

pressures (69-200 MPa). The effectiveness of this method was evaluated in terms of

surface finish, chip shape and tool life-

Figure 12 shows u ptot of surface roughness average, Ru, vs cutting speed for

conventional flood .ooiing and in the case of high pressure wateriet cooling under

different pressures (69, ti8, 200 MPa). In general, an increase in the cutting speed

leads to a deterioration of surface finish. With the application of high Pressure waterjet,

the value of R. is drastically reduced indicating the i4provement in surface quality.

However, a further increase in water pressure was not found to improve the surface

quality appreciably. This can be seen from the closely spaced curves in Fig. 12 cone'

rpondingto pr".rures of 69, 138 and 200 MPa, respectively. Figure 13 shows the plot

of r,rtfaJ" roughness average, R", plotted against waterjet pressure for different cutting

speeds. It can be seen that wittr increase in waterjet pressures, the quality of the

surface improves. However, this is not significant at higher pressures. Also, the influence

of high pi"ssure waterjet in improving machining conditions is more pronounced- at

highJ cutting speeds than at lower speeds as can be seen from the curve corresponding
ttl$ m/min. The formation and removal of chips is not very crucial in the case of

t
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(a) Flood cooling

?

V ( f

1469

(b) High Pressure water cooling
(pressure = 68-.8 MPa' orifice dia. = 0' 125 mm)

Fig. 9. Typical chip shape for (a) ffood cooling and (b) high prcssurc waterjet cooling'

intermittent cutting operations like milling. However, in order to provicle a better

understanding of ,nrt"ri"t rernoval, chips ,"-"r. collected after every test and analyzed'

In the case of conventional cooling, it was found that the chips had a yellowish-burnt

color. Further, some of the chips"produced in conventional cooling were welded.to

the cutting edge of the tool whiih was avoided in the case of high pressure waterjet

cooling. However, an additional increase in water pressure does not prove to be too

advaniageous in improuing the formation and removal of chips. One of the major

concerns during the machiiing of titanium alloy is the rapid tool wear and fracture of

the tool due to high impact f6rces. In order to provide a better understanding of the

influence of high ir"rrur. wateriet cooling/lubrication in improving tool life' detailed

experiments were conducted. Figure 14 ihows a plot .ol !"nf 
wear land vs cutting

time. The flank wear vs time graph shows an expected behavior of rapid flank wear

initially, followed by a relativeiy lbwer rate of nant wear in the later stages of-cutting

time. However. it can be seen that the tool life increased by 150% with the application
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(a) High pressure water cooling
(pressure - 68.8 MPa,
orifice dia. = 0.45 mm)

Fig. 10. SEM photographs of chips (50 x).

of high pressure waterjet. With a further increase in water pressures, no significant

improvement was registered in tool life.
ihe resulrs obtain;d from this study show the capability of high pressure waterjet

in improving the machining performance white machining difficult-to-machine materials

like titanium. An improvemint in the surface quality indicates an enhanced dimensional
accuracy which is veiy crucial while manufacturing precision components for the aircraft
industry. The quality of the surface obtained is fundamentally a geometric and kinematic

(b) High pressure water cooling
(pressure = 110 MPa,

orifice dia. * 0.125 mm)

Flood cooling
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(a) High pressure water cooling
(pressure = 68.8 MPa,

orif ice dia. = 0,125 mm)

(b) Flood cooling

Fig. l l. Photographs of wcar of insert for (a) high pres.sure watcrjct cotll ing and (b) ffood cooling'

Flood Cooling
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Fig. 12. Surfacc roughncss (R,,) vs cutting spccd'

reproduction of the cutting edge. As already stated. with the application of high

prlrrurc waterjet, the rate oi tooi wear is reduced which contribures to the improvement

in surface finish. The high pressure waterjet serves to reduce the tool-chip contact

area. This was evident from the fact thai the chip size (which depends upon the

tool-chip contact length) is much srnaller at higher pressures, This reduced tool-chip

contact fength .onr.qu.nrly serves to alleviate the severe thermal/frictional conditions

at tool-chip interfa"*. Si*ilur to the results obtained in the case of supplying high

pressure witer;et through the insert, here also, it was observed that after reaching a

l"rt"in optimum value, a further increase in water pressure was not found to be very

beneficial in further improving machining performance. This could be due to the

reasoning that a high pressure waterjet after penetrating to a certain depth into- the

tool-chii interface is not capable of penetrating any deeper, overcoming the high
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Fig. 13, Waterict prcssurc vs (R.)'
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Fig. 14. Flank wear land vs cttting time'

contact pressures at the tool-chip interface. Further investigations need to be carried

out to have a better understanding of this phenomenon.

4. SUMMARY AND CONCLUSIONS

This study led to the evaluation of the effectiveness of the two developed high

pressure coolant/lubricant systems based upon two different methods of application of

waterjet in conjuncrion wirh rotary tool operations (face milling and down milling)'

Ttre feasibility of i*prouing the mathinability of difficult-to-machine tnaterials was also

explored in this srudy. The-resutts clearly indicate the advantages of using high pressure

t".t.rj"t cooling over flood cooling while machining these materials'
(1) There is1 drastic reductioti in the cutting forces required to remove material

from the workpiece with the application of high pressure waterjet'

(2) The surface finish obtainCd with the ,tsi ol high pressure waterjet in_both-.the

metnoas of application is much better than that obtained in the case of flood cooling.

Under certain-conditions, the surface finish obtained with the use of high pressure

waterjet is comparable to that obtained in the case of grinding operation'
(3) The SElyf photographs of chips produced while machining stainless steel clearly

show intense shearing i.tion in the iasl of flood cooling indicated by the big serrations

which were relatively very small in thc c:rse of high pressure waterjet cooling.
(a) The welding of nof chip to the cutting edge which is a common problem while

rur6ining titaniqm is compietely eliminated with the applicatiol of high pressure

waterjet,-leading to an irnprovement in surface quatity and tool life'

- -70 m/min
-l l0 m/min

l5l{ m/min
- | lt3 m/min

--SSSSSSSS�::=---r.*-r,t- 

- _*_F--F
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(5) In rhe case of application of high pressure waterjet through the tool rake face,

friction is reduced ar til tool-chip intlrtace due to formation of a cushion layer which

prevents intimate contact at the iool-chip interface, consequently leading to bending

and self.breakage of chips. Whereas in the case of high pressure waterjet th-rough.T

externar nozzle, toor-chip contact area is reduced due to the fragmentation of the chip

by the impinging jet.'(6) 
Findtyl tfe reduction in cutting force accompanied by improvement in tool life,

surface finish, "nO tttip shape with i-tre use of a high plessure waterjet as a coolant/

lubricant leads to improvement in the metal removal rate and consequently - the

efficiency of rot.ary tbol operations especially in the case of difficult'to-machine

materials.
(7) Further, the enhanced effectiveness of the coolant/lubrication by applying the

cufiing fluid at high pressures in the form of a narrow jet, leads lo-.a reduction in the

quanti-ty of the .,itting fluid being used, reducing the amount of disposal, which is a

ptimary concern of Environmental Protection Authorities.
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