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lmprouing Milling Performance
with High Pressure Wateriet
Assisted Goolin g I Lubrlcation
During machining due to relatiue motion between tool and workpiece, seuere
nennitlptctionat1onditions uist at the tool-chip interface. Metal machining processes

can be iore eficient in terms of increasing the metal remoual rate and lenglhening tool

t fe, if the tttcnnal/fictianal conditioru are controlled ffictiuely. A .hrgh pressure

ioiria assisted cooknt/tubricant system that can be used in cgniurrction with 9tary-
tools'(e.g., face milling)'is deuelopedhere. The performance of this Wstem.is eualuated
in urmi oi cutting foie, surface-quality, tool wear, and chip shape. The improuement

in the efficttueneis'of ttu deuetoped cystem with increase in water pre_ssure aryd orifice

diameti is also inuestigated Stocnasttc modcling of the surface profile is performed to

obtain more information about the role of waterjet in the machining process.
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I Introduction

In the process of machining a tool penetrates into the
workpiece- and removes material in the form of chips-. A
majoi portion of the enerry is consumed in the formation
and removal of chrps. The greater the energy consumption,
the greater are the temperatures and the frictional forces at
the tool-chip interface and consequently the higher-is the
tool wear. Metal machining processes can be more efficient
(in terms of lengthening tool life and improving surface
finish) if the nermATfrictional conditions at the tool-chip
interface are controlled. Removal of heat from the machining
system is a natural way to keep the rate of wear under
control. Cutting fluids have been traditionally used at the
cutting zone foi the purpose of heatrymoval and lubrication.
fne cooting action ol the cutting fluid consists in abstracting
the heat generated during the process of. cutting, while the
lubricating action of the cutting fluid consists of reducin-g the
friction bJnreen the tool rake face and the chip. Rate of flow
and direction of application of the cutting fluid determine
the effectiveness of the cooling/lubrication. A flood of fluid
directed over the back side of the chip is the most common
way of applytng the coolantzlubri.cant into the cutting zone'
In'this claie, treat generated during the contact of the tool
with workpiece is extracted via the chip. However, at higher
cutting spieds, it has been prove! that the cuttilg fluids lose
their ;ff;ctiveness as a cool-ant. This can be attributed to the
greater rate of heat gcneration, the inability- of the. cutting-
fiuid to reach the reg-ions to be cooled and the tendency of

U" f".rct moving ctrlps to carry the cutting fluid away from
the antting zotl€.

A numfier of attempts have been made in order to im.
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prove cooling in high speed machining q$ in the case of
machining Oimcutt-to-machine materials like titanium. The
use of piessurized jet to improve cooling started in 1952
when Pigott and Colwel [1] conducted experiments on a
lathe equipped with an oiljet. The oiljet was injected at
pressurei ii Z.lS MPa through a remote norzle. As a result
bf this, tool life increased 7 to 8 times, surface quality
improved drastically, built-up-edge was eliminated' Ra'
maiy"ng"t et al. l2]-conducted experiments on turning with
ttre 

-tretlp 
of an internally cooled tool. cutting forces were

reduced by about 60 percent and chip -slape improved'
Sharma et al. [3] conducied orthogonal machining on a lathe
with thg cutting-fluid being forced directly into the tool-chip
interface throrigh a hole In the rake face of the tool. The

*tting fluid wai injected in the_form of a jet of diameter 0.25

mm "id " pt"r.,rti of 68.8 MPa. There was a considerable

reduction in the coefficient of frictioh' consequent decrease

il-atp curl diameter and improvement in tool life.

Mazuriiewicz et al. t4l carried oui tests on a screw cutting

i"tfr" Uiiniecting waterjet at pressures up to TO Ypl through

u t"r6t" 
" 
nozrie. ftrd feeA force was reduced drastically '

(almost 50 percent), coefficient of friction decreased, surface

iirittt imprived and metal removal rate increased. A similar

iaea of liigtt ptegure waterjet cooling_in turning operation
was adoptia'Uy Lindeke ei al. [51. However, in this case
waterjet, pressurized up to TI5 MPa was forced through a

hole 6f O.iX mm diamiter in the carbide insert very close to
the cutting edge. They reported that tool life, when cutting
titanium itoy, was increased by approximately 500 percent
compared to traditional flood cooling.

Fiom all these investigations, it is evident that injecting
the cutting fluid at a high pressure into the cutting zone is
much moie beneficial than the conventional cooling tech-
niques. Also, it was found that attempts made at-applying
cuiting fluid ihrough the rake face of the tool [2, 3, 5, 6]were

\-,
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more beneficial than those [1, 4] in which the cutting fluid

was injected through a remote nozzle. A high pressure water-
jet brought as a coolant/lubricant through a hole in.the rake

iace of 
-the 

tooi reduces secondary shear, lowers interface
temperatures as well as the temperature of the body of the

insert, and changes the chip shape. All the attempts made

until now are resiricted to siationary single edge cutting tool

operations like turning. However, there is an urgent.need to

incorporate the high pressure waterjet--cooling technique for

rotar| tool operatibns (like milling, drilling, etc.) to increase
the metal removal rate, improve the dimensional accuracy
and lengthen tool life.

ttre 6ujective of this work is to develop a coolant/lubri-
cant systetn fot rotary tool operations (e.g., face millinq)-t{
will b6 based on a high pressurized waterjet (up to 380 MPa)'
The performance of the developed high pressure waterjet
cooling technique is evaluated in terms of compo-nents of
cuttin{ force, iurface finish, chip shape and tool life. The
face miuing cutter used here is equipped with asingle insert,
having an EDM drilled hole. As the location of the hole on
the insert is a crucial factor in determining the effectiveness
of the coolant/lubricant system, an on-line optical sensing
technique is developed to determine the optimum location of
hole in the insert. Also, the performance of the system with
variations in water pressures and orifice diameters is evalu-
ated. Workpiece material used for the investigation is stain-
less steel AISI 304.

2 Experimental Setup and Procedure

A high pressure waterjet coolant/lubricant system has
been dJveloped [7] which can be used in conjunction with a

vertical milling machine, mounted with a cutter capable of

holding five inserts. However, this developed syslem. can be
extendid for use with any rotary tool operation. A schematic
of the designed system is shown in Fig. 1. Th9 developed high
pressure cJohnt/lubricant systgm uses a high plessure inten-
sifiet pump capable of supplying the cutting !ul9 -d prgs-

sures op to 3Sd N,Ipa. The pressurized cutting fluid from the
intensifier pump is directed to the main flow channel in the

cutter through i rotary swivel, which provides sealing^up to a,

rotational tpttd of 2d@ rpm and pressures 9P-to 380 MPa
The main flbw channel extends a,xially through the cutter and
directs the cutting fluid through a plurality of radially extend-
ing feed channels. The number of radially extending feed
ch-annels is equal to the number of inserts mounted on the
cutter. a sapphire orifice is placed at the terminal end of

each radially extending feed channel directly behind the

cutting insert. Each noizle provides a stream of cutting_ fluid

travell-ing at over 300 m/sec which is directed through the

EDM ariUeO hole in the insert. One of the most important
factors which determine the effectiveness of high pressure

watedet cooling is the proper location of hole in the insert.

Diffeient hole locations were tried and the hole centered at

about 1.25 mm from tool tip was found to be an optimum

location giving good results without significantly reducing the

strength 
-ot 

tfrl tool. Photograph in Fig l.(a) ̂ tl?*t. the hole

ro''.iponding to this location while Fig. 2(b)^shows the

orientition oI the jet towards the tool-chip interface.. It can

be seen from Fig.'z{o) that the orientation of the jet is in

such a way that ii trits the underside of the chip as it is being-

formed ro us to dissipate heat quickly from the hot zones of

tool-chip interface.
The experimental setup consists of a vertical milling ma-

chine, .,rit"t, high pressure intensifier PuffiP, - tubing with

rotary svivel, a fdur iomponent dynamometer, charge ampli-

fiers, A/D converter and PC/AT with suitable software. The

workpiece is mounted on the four component dynamometer
in order to measure the X, Y, and Z components of the

cutting force. A sampling frequency of 2 KlIz was selected to

acquift the cutting-forie components. The qua-liry of the

machined surface was quantified in terms of roughness aver-

age, Ro. The experiments were conducted in two phases' In
pf,ur" f, the hydiaulic parameters (water pressure and orifice

biameter) weie kept constant and conventional parameters
(cutting speed, feed, depth of cut) were varied at four differ-

ent levEts. In phase 2, the conventional parameters were.kept
constant (at their nominal values) and experiments were
performed by varying water pressure and orifice diameter.

thr pro.rss 
-parameGrs 

used in these phases are shown in

t

t

Main Flow Channel

Feed Channcl

lnscrt

Fig. 1 Deslgn of hlgh pressure waterlet coolant / lubricant system
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(a) Speed=7 i.llnr/rnin,Feed=8.9 mm/min
' DePth=1.27 mm

(b) Pressrrre=68'8 iVIPa
Ori{ice Dia.=0. 1 25 rnnt

Fig.2 Photographs showing the position of hole relative to chip
(ai anO flow d wbteriet through the rake face (b)
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Table 1 Process parameters

Constant Conditions

Workpiece material - Stainless Steel AISI304
Diameter of the Cutter - 50.8 mm
Type of Operation - Face Milling
Max number of Inseits - 5
Number of Inserts Used I
Tlpe of the lnsert Used - TPG322 (K313)
Glbmetry of the Insert - Rake Angle=0o

Nose radius=0.8 mm
Clearance angle=llt

Experimental Variables - Phase t

Range of Cutting Speed - 47.9 ny'min to 95.8 ny'min
Range of Cuning Feed - 5.10 to 12.70 mm/min
Range of Depth of Cut - 0.51 rnm to L.Z7 mm
Length of the Cut 75 mm
Type of Cooling Used - Flood & High Pressurc Waterjet
Water Pressure - 68,8 MPa
Orifice Diameter - 0.250 mm

Experimental Variables - Phasc 2

Cuning Speed - 71.8 ny'min
Cuning Feed - 8.9 mmimin
Depth of Cut - 0.89 mm
Length of the Cut 75 mm
Type of Cooling Used - Flood & High Pressure Waterjbt
Range of Water Pressure - 0 to 110 MPa
Range of Orifice Diameter - 0 to 0.45 mm

Table 1. The cutting force components along X, Y and Z
directions were monitored in all the cases. The surface
roughness was measured and chips produced were collected
for analysis. The surface profile data generated by flood
cooling and with the assistance of high pressure waterjet
cooling is characterized using the stochastic modeling tech-
nique of auto regressive moving average (ARMd modeling
to get more information about the role of waterjet in the
milling process.

3 Results and Discussion

3.f lligh Pressure Waterjet Cooling vs Flood Cooling-
Comparison. The experiments in phase L were conducted
in an attempt to evaluate the effectiveness of high pressure
waterjet cooling (applied at a pressure of 68.8 MPa through
an orifice of dia. 0.25 mm) as compiued to flood. cooling. The
experiments were conducted over a range of cutting speeds
(47-96 m/min), feeds (5-13 mmlmin), and depth of cut
(0.5-1.3 mm). A new insert was used for every set of experi-
ments performed. Cutting force components, surface quality
and chip shapes were analyzed for comparison.

3.1.1 Cutting Force. The cutting force components
(average) with change in cutting speed are plotted in Fig.
3(a) for flood cooling and high pressure waterjet cooling. It
can be noted that all the cutting force components, X, Y and
Z arc always lower-with the application of the high pressure
waterjet than in the case of flood cooling. A difference of
almost 60 N in the magnitude of the cutting force component
in'the X direction is maintained between the two types of
cooling. The cutting force component in the Y direction
increases steeply with increase in the cutting speed. A con-
stant difference of 70 N is observed in the Y component
forces. The difference in the Z component of the cutting
force for both cooling techniques was initially around 15 N
but steadily increased with the cutting speed. The cutting
force components (average) with change in feed are plotted
in Fig. 3(D). The cutting force components obtained with
high pressure waterjet cooling are found to be lower than
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those obtained with flood cooling. The X component under
high pressure cooling does not increase as steeply as in the
case of flood cooling. The trend in the case of Y component
is almost a replica of the pattern obtained in the case of X
component signal. The application of the high pressure wa-
terjet is accompanied by a constant reduction of about 33
percent in the Y component force as compared to flood
cooling. The difference in the Z component force is main-
tained steadily at 15 N with a notable difference of about 35
N at higher feed rates. This indicates that the influence of
high pressure waterjet is much more pronounced at higher
feed rates than in the case of lower feed rates. The influence
of depth of 'cut on the cutting force components for the two
different cooling conditions is shown in Fig. 3(c). Here also,
it is seen that the cutting force components with the applica-
tion of the high pressure waterjet are much lower than that
of flood cooling. The influence of high pressure watedet is
more pronounced at lower depth of cut'than at higher depth
of cut.

The placement of the high pressure waterjet at the tool-
chip interface aids in reducing the tool-chip contact area at
the rake face. As a result, the frictional forces at the cutting
zone (secondary shear zone) are reduced. This phenomenon
can be expected to be responsible for the reduction in the
cutting force components along X, Y, and Z directions.

3.1.2 Surface Finish. Typical plots of surface profile sig-
natures obtained in the case of flood cooling and high pres-
sure waterjet cooling are shown in Fig. 4. The change in the
surface roughness, Ro with a change in the cutting parame-
ters are plotted in Fig. 5. With increase in the cutting speed,
it can be seen that the value of Ro gradually reduces. With
an increase in feed, the surface finish deteriorates. The
change in the depth of cut does not have a monotonically
increasing or decreasing influence on the surface finish. The
influence of the high pressure waterjet is more pronounced
at lower depths of cut. In all these c:uies we find that the high
pressure waterjet is able to give us a better surface finish
compared to that obtained with flood cooling.

As can be seen later, the rate of wear of the tool is less in
the case of high pressure waterjet cooling as compared to
flood cooling. This is the main cause for obtaining better
surface finish with high pressure waterjet cooling.

3.1.3 Chip Shape. Figure 6 shows the tlpical chip shapes
obtained with flood cooling and high pressure watedet cool-
ing. The chips produced in the case of flood cooling are
bigger in size than those produced in the ,case of high
pressure waterjet cooling. It was found that the chips pro-
duced during the flood cooling are blackened due to the
extreme heat generated at the tool-chip interface. Whereas,
the chips produced during the high pressure waterjet cooling
have a bright surface indicating that the chips are not burnt.
This shows that the thermal/rictional conditions existing at
the tool-chip interface in high pressure waterjet cooling are
not as severe as in the case of flood cooling.

3.2 Influence of Hydraulic Parameters on the Effective-
ness of lligh Pressure Waterjet Cooling, The experiments
in phase 2 were conducted in order to study the effect of
varying water pressures (0-110 MPa) and orifice diameters
(0-0.45 mm) on the performance of high pressure waterjet
cooling. The conventional parameters are kept constant at
their nominal values (speed-79.8m/min, feed-8.9 mm/min,
depth of cut-0.89 mm). The evaluation of the effectiveness of
high pressure cooling is based on the study of cutting force,
surface quality,. scanning electron microscope (SEM) pho-
tographs of the chip, and tool wear.

3.2.1 Cuiting Force. A plot of the cutting force compo-
nents (average) along X, Y, and Z directions against the'
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variation in water pressure is shown in Fig. (a). The pres-
sure corresponding to zero indicates flood cooling. The X
component of the force is found to reduce steeply with
increase in water pressure. The rate of decrease is almost
uniform for the entire range of pressure from 0 to 110 MPa.
The variation in the cutting force components with increase
in the orifice diameten is shown in Fig. 7(b). Here also, the
X component force reduces with increase in the orifice
diameter. Initially, the rate of reduction is very high, but
remains steady in the higher range of water pressures and
orifice diameters used. This is an indication that after a
certain optimum value, a further increase in the volume or
pressure of water is not very beneficial to the machining
proce$L considering the additional expenditure incurred in
increasing the level of hydraulic parameters. The Y compo-
nent shows a trend similar to that observed in the case of X
component with variation in the pressure and orifice diame-
ter. The Z component reduces steadily with'increase in the
water pre$iure. There is a drastic reduction in the Z compo-
nent with increase in the orifice diameter. However, at larger
orifice diameters, the rate of decrease is comparatively less,

g I Vol. 117, AUGUST 1995

with the cuwe approaching the horizontal axis asymptoti-
cally.

In the case of high pressure waterjet injected into tool-chip
interface through a remote nonle in turning operation,
Mazurkiewicz et al. lal reported that the fonnation of hydro-
wedge at the tool-chip interface might be the cause for
reduction in cutting forces. In the surrent investigation of
high pressure waterjet assisted milling, where the waterjet is
injected through the rake face of the tool, the hydraulic
wedge between tool and chip could be forrred by the jet
lateral flow after impingement on chip bottom surface. The
above trend in the reduction of the cutting force components
with increase in water pre$ure and orifice diameter shows a
strong support for the reasoning in the formation of hy-
draulic wedge. The increase in water pressure or orifrce
diameter leads to a steady grou/th in the wedge formation.
This hydro-wedge gradually reduces the area of contact be-
tween the chip and rake face consequently decreasing the
friction at the tool-chip interface, which attributes to reduc-
tion of the cutting force. The reduction in the coefricient of
friction at the toolrzchip interface with the application of high
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pressure watedet can reduce conditions from seizure to slid-

ing .u.n undei severe machining conditions [4]'

3.2.2 Surface Finish. The variation in the value of the

roughness average, Ro, with change in the. waterfressure

and orifice diarieier is shown in-Fig. 8(a) and Fig. 8(b)

respectively. The Ro corresponding to zero water pressure

und ,.ro orifice diaireter represent flood cooling. It can be

clearly seen that increase in water pressure and orifice diam-

rt.. *ill improve the surface finish. The quality of the

surface obtained depends to a great extent on the tool wear.

With increase in waler pressure and/ot the orifice diameter,

the rate of tool wear reduces, increasing the tool life which

leads to a better surface finish-

3.2.3 Surface Profile characteization. The dynamic char-

acteristics of the suiface obtained by high pressure waterjet

cooling are derived using stochastic modeling-leshnique .in
order 

-to 
understand more about the role played by the

hydraulic parameters in the process of surface generation.

tet ttre sn'tfu". profile obtain-ed be described by the follow-

ing ARMA(n,n-l) model,

' !  o . o
oo
{)

a

(Pressurc=68.86 MPa.
Orifice Dia=0-250 mm)

Length in mm

.(b) High Pressure Waarjet Cooling

(Speed=71.8 m/min, Feed=8.9 mry'min, Depth={'89 mm)

Fig.4 Typical surface proflle signatures

(u) Flood Cooling

(b) High Pressure Waterjet Cooling

(Pressure = 68.8 MPa, Orifice Dia' = 0' 125 nrm)

(Speed=7l'8 m/min, Feed=12'7 mm/min' Depth=O'89 mm)

Fig. 6 Typical chip shape for (a) ltood cooling and (b)

pressure wateriet cooling
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Yt - QrYt-, -  QrY,-z - . . .  -QnY,-,

-  a t  @( t - r  -  @za t - z  -@ ' -  r a t -n+ t  ( 1 )

where, Y, is the height of the profile at a distance r and

a, - NID(0, o]). T'he orders of best fit ARMA models

d'etermined using model distance approach [8] were ranging

from ARMA (4,-3) to ARMA (2, L).

The ARMA models ate analyzed and the various roots of

the models are obtained. The variance decomposition (d,) of

each root gives the relative power of the root. It can be

mathematicalty denoted [11] bY,

, 8i8l , 8i8z 8i8"d, : f t , * f t r . . . i f f i '  (? )

where,

n - l

i f - t  -  I ,  @rl i- t i*tr
i - 1 ;  i + i  ( 3 )o . :

O r

l[ (,tr - ii)
j = l

( i : ! ,2 , . . . ,n )  and,  , \1 ,  , \2 r . . . ,  t rn  a re  the  charac ter is t i c
roots of the model.

The wavelength decomposition,of the roots of the ARMA
(n,n-1) model ian be derived [11] from the frequency corre-
sponding to each root. Complex roots,, say ,\1, tr2: x * iy
have a damped natural frequency given by,
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f o :  * c o s - r

where, A is the sampling interval-
To distinguish betrveen different real roots causing differ-

ent concentiation of frequencies around zero, a pseudo fre-
quency called break frequency, corresponding to half power
point is obtained for each real root.^ 

The break frequency of a real root' say tr3: z, is given by,

.  
- ln(z)

fu : f i  (s)

The wavelength, W conesponding to each root is given by,

w : 7

where, z is the velocity of the stylus and f is the sampling
frequency.

The power spectrum density (PSD) of the ARMA models
can be defined U.2l as,

P(f)

_ 2o : lL  -  0 f  
- i2o f  -  02e- i4o f  . - . . . .  

-  en- re - iz ' (n -^ t f  r
- 

dl - Orf""r - q2e-i4*f -(Dre-i2tnf12

(7)

where, 0 <f  <L/zand, Ys :2!-r  dt .
Power spectrum density (PSD) of the ARMA models cor-

responding to the surface profile data, with change in water
pr".rnt". 

-and 
orifice diambters are plotted in Fip- 9(a) and

tb), t.tp"ctively. With increase in water pressure the fre-
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Table2 Wavelengith decomposltion-varying water pressures

Sl. No Pressura
(MPa)

Discrete Roots
Real lmag.

Pover
%

Freq.
Hz

Wavelengtl
tmn

I 0
.6885
.6885

1478
1478

50
50 3.37 . r485

z 34.4
.9392
. 5 r85

-.2393
-.2393

o.oo0
0.000

-.6748
.6748

105.4- 6.40
0.s0
0.50

.9983
19 .58
r0.45

.)uuu

.0255
,0478

3 58.8
9138  .0613
9 r 3 8  - . 0 6 1 3
0654 0.000

49.5
49.5
r.00

r .066
43.40

.4690

.0r  55

4 r 10.08
.9294 0.000
.8585 0.000

-.5430 0.000

r 57.1 0
-57.05
-0.05

Ll9t
9.7r 9

4?91
2059
0514

Table3 wavelength decomposltlon-varying orifice diameters

Sl. No )rifice Dia
(rm)

Discrete Roots
Real lmag.

Power
Yo

Freq.
Hz ;iiii'"

1 0
.688s
.688s

.1478

.1478
50
50 3.37 r485

z 0.r 25 ,3iil -'0gti iEJ1.066
43.40

.4690
. 0 1 r 5

3 0.2s0 rpggg -,939f;48.7

2?el
.6933
31 .48

.7211
.0r 59

4 0.450 :8888
-.5430

.8t88
0.000

47.5

X'sl
.491?
17.45

1 . 0 r  8
.0286

0 . 50  . .0

9

3 8
6 t
c t'r,
a 6

666664
og e

t)

b 2
o 1

0

0 . 50 . 40 . 30 . 20 . 10 . 0

I

Normalizcd Frequcncy

(b) Orificc Diameter

(Specd=7l.E ny'min, Fecd=t.9 mm/min, Dspth=0.S9 mm)
Fig. 9 Power spectrum deneity v-s. normalized frequencies for (a)
dlfferent water presaures, and (b) orlflce diameters

quency spread reduces, whereas in the case of increase in
drin.e diameter, the peak of the PSD curve as well as the
frequency spread drop gradually. The increase in the orifice
diairetei tends to smoothen out the surface profile over a
broader frequency range. These tiends lead to an improve-
ment in surface finish.

The roots and wavelenglhs obtained for the models repre-
senting the surfaces generated for different water pressures
are given in Table 2. lt can be noted that the surface
corrdsponding to the flood cooling and that produced at a
pressure of 68 MPa have complex primary roots-whereas the
bther surfaces have real primary roots. The wavelength colre-
sponding to the flood cooling is approximately equal to the
fied pei- tooth employed in the milling - operatio-n- It is
intereiting to note that the primary wavelength of all the
models fJt different water pressures have a contribution of
more than 90 percent on the surface profile. At a pressure of
L10 MPa, the iecondary wavelength has a considerable nega-
tive contribution on the surface profile. This is responsible
for better smoothening effect at this pressure.

The dynamic characteristics of the surfaces generated for
different orifice diameters are given in Table 3. All the
primary roots here are complex roots. The presence. of com-

ite" toots indicates a better surface finish due to the expo-

nentially decaying dynamic mode.-_The contribution of the

*."ry roots in the surface profile data is more than 95

i".."ni in all the three cases. Compared to the cla1Se in

water pressiure, orifice diameter change h-as .mor.e influence

on the primary wavelength. These trends in the -priq1ry
*"ueienglh .onfit the 

-observation 
made from the PSD

curve.

3.24 SEM Photographs of Chips. The SEM photographs

Jotrnal of Engineering for Indusfiy

of the chips obtained under different water pressures and
orifice diameten are shown in Fig. 10. A comparison of the
size of the chip produced indicates that the width of the chip
produced in the case of flood cooling is much larger than
ihat produced in the case of high pressure waterjet cooling.
Further, the width of the chip reduces with increase in the
water pressure. This is due to the fact that the chips in the
case of flood cooling are subjected to intense heat iesulting 

'

in more plastic deformation than those prodrrced^ in the case
of high piessure waterjet cooling. The serrations found in the
chip indicate the shearing action jn the chip formation zone.
Thi serrations of the chip produced in the case of flood
cooling are bigger. This is- an indication of the trigh cutting
forces-in ttre c[Ip formation zote. By observingthe-quality ot
the chip surfacain contact with the rake'face, in the case of

flood cbofing, it is found that this surface is rough, indicating
the conditidns of seizure at the tool-chip interface. The

contact surface of the chip with the tool produced-in the case

of high pressure waterjei cooling- is much smoother. More-

ouet,-thi reduction in- chip width' leads to a reduction in

tool-chip contact area, consequently reducing frictional forces

leading to an improvement in tool life.

3.2.5 Tool wear. Photographs of carbide inserts used

for the high pressure waterjEt iooling3lA !oo.d cooling at

two stageJof their lives are shown in Tig. 11. A new insert

that cai be used in conjunction with high pressure watedet
cooling is shown in Fig. ll(a). The insert which has been
used ior 30 min. of operation in conjunction with high
pressure waterjet cooling is shown in Fig.-ll(b) and the
lorr"toondine insert used for the case of flood cooling is
shown in Figl 11(c). The photographs of the insert after 50
min of opeiation are shown in Fig. LIU) and Ffq. 11(e).
From theie photographs, it can be seen that the width of the
flank wear, *trictr is used as a measure of tool life is evidently
much larger for the tools used in conjunction with flood
cooling than that used for high pressure waterjet cooling.

I
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Fig. 1o SEM photographs of chips (50 x )
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Thus, the insert used for flood cooling gets worn out at a
much faster rate than that used for high pressure waterjet
cooling.

4 Summary and Conclusions

An apparatus for high pressure waterjet co^oling/lubrica-
tion at ihe tool-chip interface in the case of face milling-is
developed and teited. The system is provided-with a specially
modifiid milling cutter which can hold up to five inserts. This
apparatus makes use of a high pressure intensifier pump
which can pump the fluid at pressures up to 380 MPa' The
developed 3ystem can be extended to any rotary tool opera-
tion alihough it has been used for face milling in this study.
The following conclusions can be deduced based on the
investigation conducted:

o There is a considerable reduction in the cutting forces
required to remove the material from the workpiece with the
application of high pressure waterjet as the co.olant/lubri-
ciit. Also, the forces continue to reduce steadily with in-
crease in water pressure and orifice diameter.

. The surface finish produced by the high pressure wa-
terjet assisted milling is much better than that produced by
floird cooling. In the case of high pressure waterjet cooling,
the surface finish improves with increase in water pressure as
the high velocity jel is able to penetrate deeper into the
regioni of tool-chip interface inaccessible in the case of flood
oo6tiog. The dynamic characterization of the surface profiles
using 

-ARMA 
modeling further confirms the improvement

indicated by the static characteristics.

gB / Vol. 117, AUGUST 1995

. Detailed analysis performed on the chip shapes indi
cates that, the chips produced in the case of high pressure
waterjet cooling ar-e comparatively smaller. Lower chip width
.o.teiponding to high piessure waterjet -cooling leads to a
reduction in the tool-chip contact area decreasing the fric-
tional forces at tool-chip interface.

'. SEM photographi of the chips indicate that edges -of
the chip pioduced in the case of high pressure watedet
cooling are smoother. Further, the serrations found are much
smallei than those obtained in the case of flood cooling. This
indicates that the frictional conditions existing at the tool-chip
interface in high pressure waterjet cooling are not as severe
as in the case of flood cooling.

o In this technique, placement of the fluid at the under-
side of the chip veryclose to the cutting edge enables. to keep
the chip awar from the rake face minimizing th9 friction at

the tooi tip and increasing the rate of heat dissipation froq

. the cuttin I ron". This leads to reduction in the tool wear and
improvement in tool life.

; Finally, the reduction in the cutting forces accompa-
nied by improvement in tool life, surface finish, and chip

shape 
- 
with the use of high pressure 'waterjet as a

cooiant/lubricant leads to the possibility of- incleasing t-q"

metal removal rate and thereby improving the cutting efq-

ciency, especially in the case ol difficult-to-machine materi-

als.
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