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cutting fluid between the chip and the rake face in conventional machining,
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Because of the high normal pressures, it is impossible to generate a hydrodynamic film of

At very high cutting

speeds the possibility of generating a fluid film of softened or molten chip material exists although

it is doubtful if more than a partial film has ever been produced this way.
of relatively low thermal conductivity are cut in a
the conditions are conducive to the establishment

However when materials

rotary machin process using high speed ratios,
of a continuous fluid film and in the present paper

evidence is adduced to show that when mild steel is machined in this way, a fluid layer is easily

formed at the chip/rake interface.

When the cutting edge obliquity is large, the rotary

eed is

high and is in such a direction as to cause the chip to deflect towards the line of greatest slope
of the rake face, a stream of fluid is drawn out lateral to the chip flow direction and, on cooling,

this forms a separate secondary chip.

be expected, that the layer is non-Newtonian.

NOMENCLATURE
b Workpiece width
b2 Chip width
C Chip-tool contact length measured in the
H normal plane
F_ Cutting force component along the
- direction of Cutting Speed (VWJ
F_l Cutting force component along the normal
o to the cutting edge in the cutting
plane
(Fcn)f Contribution to Fcn arising from forces
at the tool flank
(F__) Contribution Lo F arising from forces
cn’r on
at the tool rake
Ff Component of targential forece at tool
- flank in a direction normal to the
cutting edge
FE Component of cutting force along the
cutting edge
(FE)F Contribution to F£ arising from forces at
the tool flank
(F.,)r Contribution to Fl arising from forces at
X
the tool rake
F . Component of targential force at tool rake
o in a direction normal to the cutting edge
Ft Cutting force component normal to the
machined surface
(Ft)f Contribution to Ft arising from forces at
the tool flank
(Fl)r Contribution to Fl arising from forces at
the tool rake
L Cutting force component normal to F‘c and Ft
21 Fluid film thickness at entry side of
= rotary tool
h Fluid film thickness at exit side of rotary
1
tool
i Angle of obliquity of the cutting edge
Ll Workpiece length
lz Chip length
N Force acting normal to the tool rake
T surface
NS Force acting normal to the shear plane
Sn Component of shear force at the shear
plane in a direction normal to the
cutting edge
Sp Component of shear force at the shear
} plane in a direction along the cutting
edge
Y Uncut chip thickness
t2 Chip thickness
Vp Chip speed
Vit Relative wvelocity between the chip and the
2 tool
qu Speed of secondary chip
Vt Rotary speed
VW Work speed (cutting speed)
W Length of cutting edge in engagement
ug Rake angle as ground on a rotary tool
oy Normal rake angle

Estimates of the speed of this secondary chip show, as might

B Clearance angle as ground on a rotary
& tool

n Angular deviation belween the shear force
5

at the shear plane from the normal to
the cutting edge in the shear plane
¢ Normal shear angle

INTRODUCTION

Effective reduction of friction at the chip-
tool interface has long been a major objective of
metal cutting research. The ultimate one can think
of in this regard is reducing friction to
practically zero by fluid film lubrication. The
survival of such a film, however, is impossible at
conventional cutting speeds owing to the enormous
normal pressures prevailing. Nevertheless it is
well known that at high cutting speecds cutting
forces decrease considerably so that the normal
pressures the [ilm is required to support are
reduced. However, the high cutting speeds usually
lead to higher chip-tool interface temperatures so
that an externally introduced fluid film tends to
degenerate or evaporate.

When cutling speeds are sufficiently high the
chip material adjacent to the tool becomes
significantly softer and extremely ductile and
undergoes such enormous strains that it ceases to
reveal a crystalline siructure. In short, the chip
material in this region, known as the "flow zone',
resembles a liquid. In 1964, Schaller fl] attempted
to model the flow zone as a Newtonian fluid film of
uniform thickness and inferred that a hydrodynamic
pressure could not be developed in the flow zone.
However, in 1967, Fenton and Oxley [2] included the
possibility of reducing friction to zero, due to
melting of chip material adjacent to the tool, in
their theoretical analysis of machining at super high
speeds. In 1968, Desalvo and Shaw [3] suggested that
the flow zone is wedge shaped, with its thickness
increasing as one moves away from the cutting edge in
the direction of chip flow, so that the chip could
act as a hydrodynamic pad resting on a wedge shaped
fluid film and moving at a sliding speed egual to the
chip speed. In lact they viewed the [ilm as a molten
layer of the chip material and included considerations
of latent heat of melting in their analysis. Using
the assumption that the fluid was Newtonian they
showed that the fluid film was capable of supporting
significant normal loads by hydrodynamic action.

However, unfortunately, the generation of a
continuous fluid film at the chip tool interface has
never been demonstrated but might oceur, possibly,
at super high speeds in conventional machining. This
is because the heat input at the chip tool interface
comes from frictiomal sliding of the chip on the tool.
As the cutting speed is increased so also does the
sliding velocity of the chip on the rake so that the
rate of heat input into the chip is inecreased. >
However, the volume rate of chip material carryiniy//’
away the heat is also inereased in proportion to
cutting speed so that the chip tool interface
temperature increases rather slowly with incre
cutting speed. Consequently, melting of the
even if it occurs, would generally be conf”’
portion of the chip tool interface so tb
would still be a considerable portion
interface in solid-to-solid contact.

Desalvo and Shaw [3] had to include
solid-to-solid contact in their -
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Fig. 1la

Rotary Experimental Set Up

Fig. 1b Rotary Tool Geometry

With rotary cutting, however, the situation
is completely different. Since rotary cutting is a
relatively less known cutting process, a summary of
its nature needs to be presented first. Fig. la
shows an experimental set up lor rotary machining of
flat workpicces. In this process, Lhe work speed V,
provides the cutting speed. The tool is usually a
frustum of a cone (sec Fig. 1b) with suitable rake
and clearance angle o, and B The tool spindle may
be tilted suitably in two mulually perpendicular
planes normal to the machined surface so as to obtain
any desired angle of obliquity of the cutting edge i
and normal rake angle op. The rotation of the tool
spindle provides the necessary rolary speed Vi at
the cutting edge. The tool may be rotated in the
positive or negative directions as shown in the
tigure. A detailed discussion of the effects of
rotary speed on chip formation and cutting forces
is available elsewhere [4—7]. It may be noted that

the convention used for the direction of positive
rotary speed (+V¢) shown in Fig. la is opposite in
sense to that given in earlier publications [4-7]

When i = 0, the effects of positive and negative
rotary speed ratios on chip formation and cutting
forces are identical whereas the effects are
considerably different when i # 0. Generally speaking
when i # 0, an increase in rotary speed ralio (thvw)
in the nPgdith direction leads to an increase in the
chip flow angle ne as well as in the chip length ratio
(L2/21). The chips are thus usually very long (chip
length raltio can exceed unity) and narrow. At very
high rotary speed ratios, however, the effect on ng

is reversed so that ne decreases as speed ratio
increases. The chip thickness ratio usually decreases
continuously with increasing Vi¢/Vy i.e. shear angle
increases and the cutting force components are

reduced considerably. Depending on the work material,
cutting force components Fe and Ft are found

sometimes to reduce to zero or even to become
negative.  When the thermal conductivity of the work
material is high (eg. aluminium alloy, brass or copper)
the minimum chip thickness ratio is usually unity and
seldom becomes smaller than unity. When the thermal
conductivity is lower (as in Lhe case of mild steel)
the chip thickness ratio may reduce to a value smaller
than unity.

When the rotary speed is in the positive
direction, the effects observed on chip thickness
ratio and cutting forces are similar to those
described for negative rotary speed ratios. However,
the influence on chip length ratio and chip flow angle
are opposite. When i >> 0, the chip flow angle ng and
chip length ratio both decrease wilh increasing Vi/Vy
in the positive direction. The chips in such a
situation have usually a large width and a short
lengih. The typical trends of ta/ty, f2/81 and ng
with changing V2/V] are summarised in Fig. 2.

The main influence of Vi/Vy (whether positive
or negative) at the chip tool interface is that it
changes the direction and magnitude of the velocity of
sliding Vet of the chip over the tool rake surface.

As Vi/Vy is increased, the magnitude of V. is
increased appox1mately in proportion to Vi so that the
rate of heat input is increased. However, the rate of
flow ol chip material is only marginally increased so
that the chip tool interface temperature rises

significantly. When the thermal conductivity of the
work material is relatively low (as in the case of
mild steel) the interface temperature can rise very
rapidly with increasing V¢/V, and at a eritical rotary
speed ratio a continuous fluid film can be expected at
the interface. Evidence is produced in the present
paper to show that such a continuous [luid film is
indeed ormed when machining a low carbon steel at
high rotary speed ratios in either positive or
negative directions. It will be further shown that
the normal loads needed to be supported by Lhe film
are guite small so that the survival of the film is
encouraged. The paper presents a number ol unusual
and hitherto unknown phenomena associated witlh rolary
machining and attempts to cxplain them in terms of the
a continuous [luid film at the chip-tool interface.
Since all the phenomena discussed above are related to
the high chip tool interfacc temperatures generated
when high rotary speeds are used, this process will be
referred as Rotary Hot Machining (RHM).
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Fig. 2 Influence of Rotary Speed Ratio on the

Chip Length Ratio, the Chip Thickness
Ratio and the Chip Flow Angle

EXPERIMENTS

The experimental work consisted of machining
flat workpicces of mild steel, copper, brass and
aluminium alloy at high rotary speeds. The flat
workpieces had a length &) = 99 mm, width by = 5.9 mm
and were about 50 mm wide. The workpieces were
mounted on a sirain gauge type milling dynamometer
which was in turn clamped on the table of a HMT EM-2PU
milling machine such that the workpiece length was
parallel to the longitudinal table axis. The
longitudinal movement of the Lable provided the
necessary work speed Vi A HSS rotary tool of 69 mm
diameter was mounted on the spindle of the universal
head of the machine. The spindle axis was tilted
appropriately in two mutually perpendicular planes
normal to the table surface to obtain the desired
magnitudes of i and ap. The rotational speed of the
spindle was set to obtain the desired rotary speed Vi
The uncut chip thickness was controlled by the
vertical movement of the knee of the machine and
monitored using a dial gauge. Experiments were
performed at high rotary speeds in both positive and
negative directions. At each condition the dimensions
of the chips (length %29, thickness Lo and width bsg)
and the cutting forece components werc measured. The
length and weight of any secondary chips that were
formed were also measured. Whenever necessary the
chips were sectioned in the desired planes, polished,
etched and studied under a microscope to reveal their
microstructure. All experiments were in the absence
of a cutting fluid.

EXPERIMENTAL OBSERVATIONS AT HIGH ROTARY SPEEDS
AND DISCUSSION

Observations on Aluminium Alloy, Copper and Brass

Whon machlnlng the above materials at Vo =
0.19 m/min and i 459, throughout the range 01 rotary
speed ratio employed (V /Vw = -400 to +400) there was
little evidence of the bu1ld up of a fluid film at the
chip tool interface. No signifiecant changes in the
general appearance of the chips were noted as the
rotary speed ratio was increased. This is attributed
to the high thermal conductivity of these materials
which could result in the rapid dissipation of the
frietional heat flux generated at the interface. At
very high rotary speed ratios, in both positive and
negative directions, the chip thickness ratio



approached unity but seldom became smaller than unity.

Observations on Mild Steel at High Positive
Rotary Speeds

When mild steel was machined, however, the
situation s completely different from the above.
Fig. 3 s a chip prc :d while machining mild

0.19/min, V¢/Vy = =355 and i = 459 and
es of other cutting ers and the
given in Table 1.
ed the chips wer nd wide and on
nt were found to be of irly uniform
across their width. The chip thickn
r =y than the uncut chip thicknes ty. The
flow angle was approximately cqual to zero.
lations from the chip length ratio shows that the
» speed Vo ~ 0.175 m/min whereas the rotary ced
Vi = +67.5 m/min. Thus, while the chip was moving on
surface in a directic 1 to Lhe cutting
velocity 1 the chip and
approxim: to the
ng edge and equal in magnitude to Vy.
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During mac
and a number of
chip tool

ips appeared white hot
were seen emerging from the
interface at the point whe tool left
the tool. most striking featur Lhis process
was that a ary chip was usual found leaving
cutting zone 1tro ¢ exit side of the tool
3). This chip was white hot in appc

left the cutting »o but cooled ve
later. Calculations from Lhe gtl

chip' indicated that it w g sp
Voo 0.2 /min. This meant ! y of
secondarsy was much the rotary

speed Vi
of the chip. When the
'secondar chips were added, it was found to be
slightly less than the weight of the uncut chip, the
difference being attributable to the loss

material via 'sparking'.
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ts of the 'primary' and

Fig. 4 shows a ph
secondary chip wh
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structure al of air cooled overheated :
The struc indicates that the material in the
secondary p could have undergone a temperature of
tie order of 1300 - 1350UC before its cooling phase.
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Fig. 3 Comparison of Chips Produced while
Machining Mild Steel at Large Positive
and Negative Rotary Speed Ratios

Fig.

5 shows a photomicrograph of a section of

the chip parallel to the cutting edge which reveals a

secondary chip (Fig. 4).
grain structure with a mean gra
smaller than the mean
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nsiderable recrystallisation and that the
temperatures in the main chip were also quite high.
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continuous across the chip width. The presonc ol the
'sparks’ may be explained by assuming that the layer
of fluid film immediately adjacent to the tool rake
surface was al a temperature approaching its melting

temperature.

speed of this
the fluid
ed approaching Vi Lhus manifesting itsell in
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film, it could have been thrown out al a

on Mild Steel at High Negative

also shos a chip formed at a high
v speed when i = 459, As

Due to the lower viscositly and higher
layer relative to those of the bulk of

pected, the
and narrow and the chip flow angle was
in the case of machining at high positive
speeds, the chips appeared white hot during

machining and a number of 'sparks' werc found leaving
the chip tool interface at the exit side of the tool.

However,

rotary
cven al

ratio chosen.

the chip produced at a high negative rotary speed

5 has a large chip flow angle (about 80°) and a
izh velocily Ve, unlike the situation obtained when

Photomicrograph of the Cross Section of
a Secondary Chip (x800) at High Positive
Vi/Vy while Machining Low Carbon Steel

Photomicrograph of the Section Along a
Plane Parallel to the Cutting Edge of a
Main Chip (x800) al High Positive Vi¢/Vy
while Machining Low Carbon Steel

in contrast to what occur®td at high positive

speeds, here no secondary chip was observed
the highest absolute magnitude of rotary speed

This may be explained by noting that



a large positive rotary speed ratic is used. Thus,
the primary and secondary chips are moving at
approximately the same speed and in Lhe same
approximate direction (unlike the case in posilive
rolary speed cutting where the two chips move in
mutually perpendicular directions) as they leave the
cutting zonc. Consequently, il 1s reasonable to
assume that the bulk of the fluid «one and the
primary chip had left the cutting zone togelher and
that the fluid 2one resolidificd on the primary chip.
This explanation is consistent with Lhe following
observalions.

Fig. 6 shows a mild steel chip root formed at
a high negative rotary speed ratio at i = 459 and
sectioned in a plane perpendicular to the culting
edge. It is seen that the chip thickness ratio
(ta/t7) is less than unity as observed in Lhe case of
high positive rolary speeds. A layer ol [line
structure is evident in the chip material adjacent to
the tool rake surface. Fig. 7 shows a similar chip
sectioned in a plane parallel to the cutting edge.
A laver of very fine structure (marked F) is clearly
evident. The mean grain size in this layer is about
3 um which is much smaller than the grain size 30 um
of the uncut workpiece stock. It is belicved that the
fineness of the structure (similar to the
'structureless' flow wone noted by Desalvo and Shaw [ﬂ
in high speed conventional maching) is a conscquence
aof the very high temperatures and shear strains
experienced by this zone during its formation. Tt is
interesting to note that even the material in Lhe bulk
of the chip (zone marked 5 in Fig. 7) has a refined
structure. This indiecates thal this zome too had been
subjected to quite high temperatures and strains. The
grain size, however, does not change gradually lrom
zone 5 to zone F but, instead, there is a sharp
boundary between Lhe two zZones. It is difficult to
decide why the boundary is so sharp and the authors
believe this to be the result of zone F being a flow
zone comprised of material under viscous shear
resembling a liguid whereas the bulk of the chip
(zone 5) is plastically strained in much the same way
as in a conventional chip. The grain distortions
observed usually in conventional chips are not evident
in either zone 8 or zone F due to complete
recrystallisation.
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Fig. 6 Photomicrograph of Low Carbon Steel Chip
Root Sectioned Normal to the Cutting

Edge Obtained at a High Negative Vi/Vw
with i = 45° and ay = 67
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Photomicrograph of Low Carbon Steel Chip
Obtained at a High Negative Hotary Speced
Ratio Sectioned Parallel to the Cuttling
edge, (x1000)
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Table 1

Mcasured and Calculated Parameters Obtained in

a Typical Machining Operation at High Positive

Rotary Speeds on Tow Carbon Steel

Cutting Conditions

Workpicce low carbon steel
Tool @ HSS; diameter = 69 mm
Tool geometry o = -2.59, 1 = 45°

Uncut chip dimensions 27 = 99 mm, L} = 0.25 m,
by = 5.9 mm
Cutting speed : ¥V, = 190 mm/min

Rotary speed ratio Vi/Vy = +355

Measured Parameters

Chip dimensions @ &g = 91.5 mm, t, = 0.202 mm,
bs = 8.35 mm
mm

Chip tool contact length : Cp = 0.
Cutting forces F, = 552 N, Fg = 257 N, Fyx = -106 N
Velocity of secondary chip = 0.2 m/min

Calculate Parameters

Forces due to chip formation (Foply = 315 N
t)p = -14 N
(Fa)p = 123 N

The Normal Pressure to be Supported by the Fluid Film

The simplest proof of the capability of the
fluid film formed in RHM to support the normal load
acting is that a fluid film was indeed formed and that
it did support the normal load. Notwithstanding this
it is useful at this stage to check whether the fluid
film can support the normal loads observed in high
rotary speed machining, For this purpose,
calculations have been performed for the case of
machining a low carbon steel at Vg = 0.19 m/min,

Vi, = -67.5 m/min and i = 45° for which the magnitudes
of the various measured parameters are given in

Table 1. It is seen that the measured cutting forces
are quite small. To estimate the normal pressure at
the chip tool interface it is necessary first to
separate the edge forces occuring at the tool flank
from the measured overall cutting force components.
In a conventional cutting process the separation of
these edge forces is an involved task. However, Lhe
procedure is a straight forward onec in the case ol
machining with high rotary speeds since, in this case,
the sliding velocities Vep and Vyt (between the chip
and the tool at the rake surface and the workpiece an
tool at the flank surface respectively) are, for all
praciieal purposes, equal to the rolary speed V. 1t
is reasomable to assume then that the components ofl
friction force (Fyy and Frp) at the rake and flank
surfaces in a direction normal to the cutting edge
have negligible magnitudes. The force system in a
plane normal to the cutting edge in such a situation
iz unigue and is as illustrated in Fig. 8. It is easy
now to calculate the cutting lorces associated with
chip formation from the measured forces using the
equations given in the Appendix. The results of Lhe
caleculations are shown in Table 1.

It is scen that the normal load Ny acting on
the tool rake is about 322 N whereas the chip-tool
contact area is 0.4 x 8.35 mm? so that the mean
normal pressurc Lo be supported by the fluid film is
94 MPa. Desalvo and Shaw [3] have analysed the
hydrodynamic action of the fluid film in an example of
conventional orthogonal cutting and suggested that the
fluid film is able to support a normal pressure of 300
MPa when the cutting speed is 183 m/min and the chip
thickness ratio ts/t1 is 2.17 so that the chip sliding
speed is 84 m/min. It is reasonable to expect then
that the fluid film in the example of rotary



machining being discussed would be able to support a
pressure of 96 MPa when the chip-tool sliding speed
is 67.5 m/min.
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Fig, 8 Force Diagram at High Rotary Speed
Ratios (assuming Fpp = Ffn = 0) in
a Plane Normal to the Cutting Edge

Despite the apparent consistency of the above
argument, one cannol rely totally on the quoted
figures since the calculations of Desalvo and Shaw [ﬂ
were based on Lhe assumption of a Newtonian lluid
film which will be shown later to be unreasonable.

A Schematic Model of Fluid Film in Rotary Hot
Machining

Keeping in view the wvarious obscrvations
discussed above, i1 is now possible to construct a
schematic model of the fluid film occuwing in rotlary
hot machining. Fig. 9 illustrates the suggested model
of the chip-fluid film-tool rake system. The chip is
viewed as a hydrodynamic pad, the length of which is
equal to the length of active cutting edge W sliding
on the tool rake surface in a direction practically
parallel to the cutting edge, the magnitude of the
sliding speed being very nearly equal to the rotary
speed Vy. The film thickness is assumed uniform in a
direction normal to the cutting edge (sece Fig., 9a).
To generate hydrodynamic action, however, the film
will have to be wedge shaped in the direction of
sliding with its thickness decreasing from h; at the
entry side to hg at the exit side (see Fig. 9b). It
is easy to see now the origin of the secondary chip.
The rotary speed Vi causes intense shear within the
fluid film and tends to throw the film out as a jet
which results in a secondary chip in the case of
negative rotary speeds. In the case of negative
rotary speeds, however, the main chip and the fluid
jet are moving approximately in the direction of the
cutting edge (ng 809) at comparable speeds (about
twice V) so that the secondary chip does not have a
separate existence,

Chip

Tool
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t Fig. 9 Tdealization
of Hyvdrodynamic Pad
in RHM at High
Positive Vi/Vw
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Consider at Lhis stage the inferences that
follow if one assumes that the fluid film behaves
like a Newtonian fluid. If the fluid film is indeed
Newtonian, the velocity gradient across film
thickness should be uniform so that the mean velocity
ol the fluid leaving from the exit end of the wedge
in Fig. 6b should be nearly oqual (ignoring side [low)
to half of the sliding speed of the pad. Since the
sliding speed Vep = Vi, in the example illustrated in
Table 1, the fluid jet should have had a velocity
cqual to about 33 m/min. However, the actual mean
speed of the jet calculated from the length of the
secondary chip is only 0.2 m/min which is nowhere
near the estimated figure of 33 m/min. Tt is thus
clear that modelling the fluid film as a Newtonian
liquid of uniform viscosity leads to conclusions
which are contrary to experimental observation. The
more likely explanation is that the viscosity of the
[ilm would increases significantly as one moves away
from the tool rake towards the bulk of the chip
across the film thickness so that the film, when
viewed as a whole, would resemble a non-Newtonian
liquid.

Consider now the geometry of the idealised
hydrodynamic pad illustrated in Fig. 9. The pad may
be idealised as a rectangular pad of length W egual
to the length of the cutling edge in engagement and
of width equal to the chip tool contact length Cp.

Az shown in Fig., Y9a the film is open to the atmosphere
at point P but abruptly ends al Lhe culling edge
(This implies that the film covers the entire chip-
tool contact arca but does not extend into the contact
zone at the tool flank. (The latter condition was
somet imes observed by the authors but the tool wear
in such cases was Loo rapid to make any measurements
possible. ) One can then expect significant side flow
only at point P but no side flow at the cutting edge.
Thus the pad is essentially an asymmetric pad. For
the purposes of analysis, the pad may be viewed as
one half of a symmetric pad of dimensions 2C xW.
Usually W >> Cp so that in practice the pad is a very
narrow pad (similar to a ski-like shoe) involving
significant magnitudes of side flow in a direction
normal to the pad sliding speed (i.e. along the
normal to the cutting edge in the rake plane).
Consequently, the direction of the fluid jet would be
at an angle n4 to the cutting edge as shown in Fig.
9c. The fluid jet, as it is squeezed out from under
the chip, would cause a viscous drag in Lhe direction
of the jet. Since the jet is at angle to the cutting
edge this viscous drag would have a component normal
to the cutting edge which tends 'pull' the chip up the
rake face. In short, the friction force experienced
by the chip in a direction normal to the cutting edge
al the chip tool interface would be opposite in
direction to that observed in conventional cutting.

As a result the chip should be in a state of tension
rather than a state of compression as observed in
conventional cutting., This perhaps explains, at least
partly, why the chip thickness ratio could be less
than unity (compare the chip thickness to uncut chip
thickness in Fig. 6) when a low carbon steel is
machined at high rotary speeds. It is interesting to
note further that while machining copper or brass or
aluminium alloy where no fluid film was observed the
chip thickness ratio seldom became smaller than unity.

Consider next the origin of the fluid film.
When the rotary tool first engages the workpiece and
a chip is initiated, there is considerable solid to
solid contact and the friction is high. Owing to the
high frietion and high sliding speeds at the interface
and the fact that the chip flow rate is small in
comparison to the rate of heat input, the interface
temperature rises rapidly. If the thermal
conductivity of the work material is relatively low
(as in the case of mild steel) the interface
temperature could reach a value sufficiently high to
cause the layer of chip adjacent to the tool rake to
behave like a fluid. Once a fluid film is formed the
heal flux generation ceases to occur by friclional
sliding but instead occurs by viscous shear within
the fluid film. Io such a case the conventional
method of calculating the chip-tool interface
temperature by the application of the theory of
moving heat sources between sliding solids becomes
impermissible. To confirm this point, the authors
applied the theory of moving heat sources to the data
described in Table 1 (assuming the chip to be moving
over the rake heat source at a velocity V. and the
tool moving on the same heat source in a perpendicular
direction at velocity Vi) and obtained an estimate of
mean interface temperature equal to 127°C which is
totally inconsistent with observation of white hot
chips, fluid jet and sparking. Further, calculations
on the heat partition cocfficient at the chip-tool
interface gave a resultant rate of heat flux entering
the chip from the interface of such a magnitude as to
be capable of melting the chip 5.8 times over. The



authors consider the lailure of the theory of moving
heat sources based on solid-to-solid contact as yet
another evidence in support of the view that the chip
tool interface in high rotary speed machining does
not consist of solid-to-solid contaet but is actually
a fluid film.

CONCLUSION

It has been shown that when machining materials
of relative low thermal conductivity (for example, low
carbon steel) at high rotary speed ratios, a fluid
film can be formed at the chip tool interface. When
employing high positive rotary speeds combined with
large cutting edge obliguities, the fluid film
emerges from the cutting zone as a fluid jet and forms
a secondary chip that is quite distinet from the main
chip. Tn the case of high negative rotary speeds,
the previous existence of fluid may be inferred from
the layer of very fine structure in the chip material
adjacent to the tool rake surface., The presence of
the fluid film explains the unusually low cutting
force levels and small chip thickness ratios found
when machining at high rotary speeds resulting in
rotary hot machining. Observations on the nature of
the process indicate that it is reasonable to view
the chip-fluid film-tool rake surface as a
hydrodynamic pad. The normal pressures experienced
by the pad are quite small so that the survival of
the film is ensured. It is shown that the assumption
of a Newtonian fluid film leads to results contrary
to experimental observation.

The major interest in Rotary Hot Machining
lies in the fact that, to date, it is the only (yet
" simple) method of achieving a continuous fluid film
al the chip tool interface in metal cutting. Thus it
paves the way for studying the condition of chip
formation associated with near zero friction at the
chip-tool interface.
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APPENDIX

Note : see nomenclature for the explanation of the
symbols used in the following.

The measured force components Fp and Fx can be
resolved suitably to obtain the force components Fen
and Fy. We wish to obtain the force components
(Fep)p, (Fg)r and (Fy)p contributed by chip formation
from the measured forces F.y, Ft and Fy after
separating the force components (Fenlf, (Fr)f, (Fp)s
arigsing from the tool flank.

To achieve this, the following equations are
easily obtained from the force diagram in Fig. 8.

(Feply = Fep (a.1)
(Fi)r = -Fpop tan an (A.2)
F cos (dp — o
Sy = <o (dn n) £R. 55
COs Qn

If ng is the angular deviation of the shear
force vector aclting at the shear plane from the
normal to the cutting edge in the shear plane, we
have

SL = 5 tan ng (A.4)

Now, for equilibrium of forees acting parallel
to the cutting edge on the chip

(Fplp = 8¢ (A.5)



