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Cutting Temperature and Forces in
Machining of High-Performance Materials
with Self-Propelled Rotary Tool*

Ping CHEN**

Cutting temperature and forces are two dominant parameters that influence finish
quality and tool life in machining. This paper undertakes the evaluation of these two
factors in relation to machining by a self-propelled rotary tool, an efficient cutter
recently reported to be superior in cutting some new materials. Temperature analysis
is based on a model of a heat source moving cyclically along the cutting edge. Both
analytical and experimental results indicate that the rotating motion of the cutting
edge transfers heat away from the cutting zone with the result being a reduced cutting
temperature. Temperature of the cutting edge drops to the neighborhood of the
ambient value after it passes the cutting zone. Cutting forces of the rotary tool are
found to be smaller, especially the radial thrust component, which is 30-40 % lower,

than those of the fixed circular tool.
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1. Introduction

Just as conventional materials cannot meet the
challenging requirements for the aggressive service
environments, the traditional cutting techniques have
been met with great difficulties in processing high-
performance materials. To cope with this challenge in
machining, a special cutter characterized by the freely
rotatable circular cutting edge, called the self-
propelled rotary tool, has been proposed and experi-
mentally revealed to be superior in machining some
high-performance materials®~®, Especially in cutting
a certain metal-matrix composite, the rotary tool
reportedly enhances the life of carbide tool over 40
folds as compared to the fixed circular one and 95
folds to the square one'.

Concerning the mechanism of rotary tool perfor-
mance, it is indicated® that the participation of the
whole circular edge in cutting and lowered effective
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cutting speed due to tool inclination are two essential
reasons for extended tool life. However, tested tool
life was found to be considerably longer than that
predicted by those two factors, implying the existence
of an unknown mechanism which enhances the tool
performance.

Because cutting temperature and forces are two
dominant parameters that influence finish quality and
tool life in machining, evaluation of the rotary tool is
undertaken in this paper from the viewpoint of these
two factors by means of both analytical and experi-
mental investigations.

2. Equivalent Cutting Model

Figure 1(a) gives an illustration of the self-
propelled rotary tool. The tool is inclined at a definite
angle so that it is driven by the work (chip) during
cutting. Besides the motions of cutting V and feeding
f, the circular cutting edge has a tangential motion
(tool rotation) V.. By neglecting the effect of feed
rate f which is much smaller than the cutting speed
V, the following relations are drawn from the velocity
diagram in Fig. 1(b).

V=V.+V, (1)
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Vc= Vcr‘+' Vt, (2)
where V., is the relative sliding motion called the
effective cutting velocity, whereas V. is the flow
velocity and V.., the relative flow velocity of the chip.

Since the cutting edge is in motion, it is indicated
that the cutting mechanism should be studied in the
frame of reference determined by the effective cutting
velocity V; and the relative chip flow velocity V.-, the
plane of which remains nearly normal to the cutting
edge®®. The V,— V., plane, where the material flow
could be treated as plain strain deformation with
orthogonal cutting theory®, as shown in Fig. 1(b), is
therefore assumed to be perpendicular to the edge.
Discussions on cutting mechanism of the rotary tool
hereafter will be made under this frame of reference.

3. Cutting Temperature Analysis

Heat generation in cutting with a sharp tool
occurs principally in two zones, i.e., (1) the shear
zone due to the energy released in the shear deforma-
tion, and (2) the tool-chip contact zone caused by
friction.

An analytical approach is taken using a double
treatment by considering the tool and the work (chip)
separately, so that the partition of friction heat
between them is calculated, and hence cutting temper-
ature is determined. The free surfaces of the tool and
work (chip) are assumed to be perfectly heat-insulat-
ed.

(a) Illustration of rotary cutting (b) Cutting model

Fig. 1 The self-propelled rotary cutting tool

(a) Moving heat source model

Temperature (K)
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3.1 Temperature analysis of the tool

3.1.1 Moving heat source model If the incli-
nation of the cutting edge is set to be positive as
shown in Fig.1, the tool-chip friction zone can be
taken as a heat source S: moving clockwise along the
circular cutting edge in relation to the tool, Fig. 2(a).

Although it is difficult to detect the shape of the
tool-chip friction zone in rotary cutting, it could be
simplified to be a right-angled triangle by observing
the worn rake face of the fixed circular tool, as illus-
trated in Fig.2(b), where the worn width increases
with uncut chip thickness.

Provided that the rake and clearance angles are
not too large, the circular cutting tool could be treated
as a quarter-infinite body as shown in Fig.3(a ). The
cutting edge extends along the x-axis and the rake, in
the x-y plane. The shaded area represents the moving
heat source with the area of the tool-chip interface.
Further simplification by symmetry is made by assum-
ing a heat source 2S; moving along the x-axis at the
surface of an adjoining semi-infinite body, provided
that the x-2z plane is a perfect insulator and the heat
source 2S; is of the same strength, yet double symmet-
rical area of the original S..

Accordingly, the heat source S; rotating along the
circular edge could be treated as a problem of 2S.

: -~ Shape of the worn rake face
a) Rotating friction zone (b) . . .
@ g (fix. circular tool, SiCw/Al cutting)
Fig. 2 Rotating heat source and the tool-chip friction
zone
450 I U " L L s N
* With regard to heat source
400 of unit strength (J/im2s)
350 4
300 A L
( lo=0.4mm, by=3.7mm,
v=2m/s, a=0.5mm, f=0.4mm/rev)
250 T T T T T T v
0 0.4 0.8 1.2 1.6 2
| Rotating speed (m/s)
0 15 30 45 60 75 90

Inclination angle (deg)

(b) Effect of rotating speed V,

Fig. 3 Moving heat source model of rotary tool cutting and the computed temperature
as a function of the heat source sliding speed (tool rotation)
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periodically entering at an end 0,, moving at speed V,
along the x-axis in the x-y plane and exiting at
another end 0., the interval of which corresponds to
one rotational period of the tool.

3.1.2 Temperature rise due to moving heat
source The approach to a similar problem suggest-
ed by Jaeger® is adopted in this study.

The analysis is based on the partial differential
formation of heat conduction in a body as the follow-
ing.

Y@ o
where 8 is the temperature and K, the diffusivity.

The temperature rise 46 is then derived for any
point P(xo, %o, 20) in an infinite body in time ¢ after a
heat @ is liberated instantaneously at a point C(zx, v,
2):

_ Q (_ Arz)
6= 8oc (K1) €*P\ " 4Kt ) (4)
where p is the density and c¢ the specific heat of the

body, while 47 is the distance between the two points
{dr*=(zo— x)*+(yo—y)*+ (20— 2)*}. If point C is on
the surface of a semi-infinite body, 48 will be double
that of Eq. (4) because the heat transfer path is
reduced by half.

For simplification, it is supposed that the moving
heat source 2S: is a uniformly distributed triangular
one, the strength of which is Rgq:, where ¢, is the mean
rate of heat dissipated at the tool-chip interface per
unit time per unit area, and R is the mean fraction of
g: that flows into the tool.

For numerical computation based on the model
described in Fig. 3(a ), the moving heat source 2S; is
divided into finite elements, and so is the circular edge
with fineness depending on the distance from the
working section of the cutting edge. The movement of
2S.: along the cutting edge is treated as a series of
momentary heat sources occurring successively along
each sequential element of the edge. The temperature
rise at any point of the cutting edge due to heating for
one rotational period of cutting is then obtained by
integrating the temperature effect caused by each
individual element of the heat source using Eq. (4)
over the area of 2S,, and summing this incrementally
throughout one period. In steady cutting when the tool
reaches its thermal equilibrium state, the temperature
distribution along the cutting edge will be the cumula-
tion of the temperature rise due to each rotational
period until 2S; has cycled for a considerably large
number of periods. Thereafter, cutting temperature 6
will be the average value over the area of 2S:. This
computation, together with that concerning the work
(chip) as described in the following section, was
performed in the SUN 4/110 Working Station.
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Diagram (b) in Fig. 3 represents a sample result
of the analysis with regard to a heat source of unit
strength (J/m?s) and an ambient temperature of 273.2
(K). Cutting temperature shows significant reduction
as the tool starts turning, and such decrease becomes
moderate as the rotating speed V: increases associat-
ed with the greater inclination angle A.

3.2 Temperature concerning the work (chip)

For mathematical simplification, it is assumed
that the heat flow is two-dimensional in the V,— V.,
plane where material flow could be treated as a plain
strain problem, as discussed in Chapter 2.

By means of the analytical approach presented by
Loewen and Shaw'”, temperature rise in the shear
plane and that of the chip underside can be derived,
the details of which are not presented here. In this
case, all the data involved, such as cutting forces, tool
-chip contact length, kinematic and geometric data,
are those measured in the V,— V., frame of reference.
Cutting temperature & will be

=65+ 46;, (5)
where 6; is the average shear-plane temperature and
46:, the average temperature rise in the tool-chip
interface with the parameter R yet unknown, the
mean fraction of heat liberated at the interface that
flows to the tool.

3.3 Cutting temperature computed By equat-
ing analytically the two values of & and 6 described
in Sections 3.1.2 and 3. 2, respectivly, the fraction R
is determined along with cutting temperature &, as
well as the temperature distribution along the cutting
edge.

4. Experiments

4.1 Cutting temperature measurement

To verify the above analysis, temprature experi-
ments were performed by turning on a HOSHOI
HCN450 CNC milling machine with the work chucked
vertically on the spindle. The cutting temperature was
measured by means of the tool-work thermocouple
technique, as illustrated in Fig. 4. Temperature rises
at the cold junctions of both the tool and the work
were read simultaneously by the copper-constantan
(CC) thermocouple for compensation. A specially
designed mercury junction with two isolated chambers
was used to transfer the signal from the rotating
thermocouple.

Temperature fluctuation at a particular part of
the cutting edge was also examined by burying a
copper wire of 0.32 mm in diameter into a tiny groove
leading to the edge ground on the flank face.

4.2 Cutting force experiment

Cutting force measurement was conducted by

turning on an OKUMA LC10 CNC lathe. Both the
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rotary tool and the fixed circular one were tested for
comparison under the identical conditions in cutting.
4.3 Experimental conditions
(1) Work materials
The materials tested were a SiC whisker reinfor-
ced aluminum (hereafter referred to as SiCw/Al)
composite, a family of metal-matrix composites
which has been practically applied to some newly
developed high-performance motor engines, and Ti-
6Al1-4V, presently a widely used titanium alloy. The
physical properties of the materials concerned are
listed in Table 1.
(2) Cutting tools
Rotary tool : circular carbide insert
(K10 with TiN-coated, ¢27, y=0, a
=8°).
Fixed circular tool : the same as the rotary tool

Table 1 Physical properties of the materials

Materials SiCw/Al AC8A SiCw Ti-6Al1-4V K10
Density (kg/m’) 2860 2720 3190 4460 14900
Ten.strength (GPa) 044 027 689 142 -

Young's mod. (GPa) 114 765 549 110 6275

Therm.cond.(W/mK) 143.5* 117 134 627 1795
Specific heat (J/gK) 1.14* 096 0.67 057 0.1
Hardness HB100 HB75 HV2100 HB321 HRA92.5

* Data measured at 577K

Copper-constantan
thermocouple

Hot junction

—

Double-chamber
mercury junction

Fig. 4 Arrangement for cutting temperature
measurement in rotary cutting
900
’xj Fix.circular
° 800 - I
3
© 700 R
@
a -
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2 Rotary (calculated)
= 500 4 L
=]
© f=0.4mm/rev, a=0.5mm, r=30° [
400 T v T r T

o {1 2 3 4 5 6 7
Cutting speed (m/s)

(a) Effect of cutting speed
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but fixed.
(3) Cutting conditions
The cutting conditions are specified in Table 2.

5. Experimental Results and Discussion

5.1 Cutting temperature

Diagrams in Fig. 5 illustrate cutting temperature
as a function of cutting speed and the inclination angle
in turning the SiCw/Al composite. Increasing the
cutting speed leads to a rise in cutting temperature as
shown in diagram (a), It is noted that the rotary tool
gives a temperature reading about 80K lower than
that of the fixed circular one. The greater inclination
angle of the rotary tool definitely results in decreased
temperature, though such an effect is moderate in
cutting the composite, diagram (b).

The analytical results are also represented in the
diagrams of Fig. 5. Calculation was performed using
the kinematic data of Ref. (1) and the cutting force
data of Fig. 8 transformed into a normal coordinate
system, the y-z plane of which coinciding with the V,
— V., plane, and the origin at the centroid of the uncut
chip area where the resultant cutting force was
assumed to pass through. The calculated cutting tem-
perature shows a similar variation tendency as that of
the experimental data.

In turning Ti-6Al-4V alloy, the difference in
cutting temperature by the alternative tools is much
more obvious. As shown in Fig. 6, applying the rotary
tool lowers the temperature about 220 K over that of
the fixed circular one.

Obviously, reduced cutting temperature is one of
the essential features of the rotary tool. Although it is
reported that temperature has little influence on tool

Table 2 Cutting conditions for the tests

Work SiCw/Al Ti-6Al-4V
Tool Rotary / Fix.cir.TL  Rotary / Fix.cir. TL
Cut. speed V 1.0-6.7 m/s 0.67 -2 m/s
Feed rate f 0.4 mm/rev 0.4 mm/rev
Dep.of cut a 025 - 1.0 mm 0.25 mm
Inclination A 15 - 45 deg 30 deg
Cut.fluid dry cutting dry cutting
900

3 Fix.circular [

~ 8004 -

@ o 4 .

é [ +

© 700 4 -

[

2 L

§ 600- Rotary (tested) L

o

£ 5004 Rotary (calculated) -

= +

© V=1.92m/s, t=0.4mmjrev, a=0.5mm

400

10 20 30 40 50
Inclination angle (deg)

(b) Effect of inclination angle

Fig. 5 Cutting temperature as a function of the alternative factors (SiCw/Al cutting)
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wear in turning the SiCw/Al composite®, this feature
is believed to be significant in machining materials
with low thermal conductivity, such as titanium al-
loys.

5.2 Heat cycling of the cutting edge

As demonstrated in Fig. 7, both the analytical and
experimental results reveal that the cutting edge is
cooled down to the neighborhood of the ambient tem-
perature after it passes the cutting zone. On the other
hand, such a fluctuation in one revolution of the tool
may give the cutting edge a periodic thermal impact,
which is considerable in cutting materials with low
thermal conductivity where cutting temperature is
high. Thermal cracks found normal to the rotary
cutting edge in machining either Ti-6A1-4V or 18Mn
steel, as reported®, are understood to result for this
reason.

Because the experimental data are of the average
temperature of the copper-wire/tool contact area, the
measured temperature fluctuation appears much more
moderate compared with that of the calculated one

1500 L L 1
<
g 1300 + Fix.circular i
s
S 1100
g 4 L
2 L
Rotar:
g 000 ./—-‘(‘y -
5
o 1=0.4mm/rev, a=0.25mm, A=30°
700

0.5 1 15 2 2.5
Cutting speed (m/s)

Fig. 6 Measured cutting temperature in machining

where a theoretical point of the edge is concerned.
5.3 Cutting forces

Diagrams in Fig. 8 show the manners in which
cutting forces of the alternative tools vary by a num-
ber of factors in turning the SiCw/Al composite. The
force component in the cutting direction F, of the
rotary tool is found to be 10-15% lower than that of
the fixed circular tool, while that in feeding direction
F; of either of the tools takes a similar value. It is
noted that by switching the fixed circular insert to the
rotary tool, the force component in the radial thrust
direction F, decreases by 30-409%, which is significant
in relieving the flank wear. Of both the alternative
tools, cutting forces increase proportionally with the
depth of cut and decrease slightly with increased
cutting speed, as shown in diagrams (a) and (b). As
a function of the inclination angle, variations in F,, F;
and F; of the fixed circular tool are moderate compar-
ed with the rotary tool, diagram (c).

Transformed into the normal coordinate system

700
& 600
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= 5004
=
‘é .
Y 400 Measured
€ .
= 300 =
e ‘\Ambiem
200 T
0 0.12 0.24

Time (sec)

Fig. 7 Temperature fluctuation of the cutting
edge (SiCw/Al composite cutting)
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Fig. 8 Comparison of cutting forces of the alternative tools (SiCw/Al composite cutting)
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Fig. 9 Cutting force variations of the alternative tools
during machining (SiCw/Al composite cutting)
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for numerical calculation of the cutting temperature
as described in Sections 3.2 and 5. 1, it is noted that
the force component tangential to the cutting edge
takes a negligible magnitude, and its direction coin-
cides with the tool rotation counterbalancing the fric-
tion of the rotary system. A similar experimental
result in cutting of brass with a rotary tool made of
high-speed steel (HSS) was also presented by Kasei
and Masuda®. It is understandable because the self-
propelled rotary tool has a rotational freedom about
its axis. This dynamic characteristic is probably an
essential reason for the reduced cutting forces in
rotary cutting.

Comparison of the variations in cutting forces, F,
and F, for example, of the alternative tools during
machining is given in Fig.9. In rotary cutting, the
cutting forces vary moderately in both the cut-in and
cut-out processes, and remain almost stable during
steady cutting. Nevertheless, those of the fixed circu-
lar tool increase noticeably as machining progresses,
about 23% in F, and 36% in F; with a 0.11-mm width
of flank wear developed in one machining cycle, 16
seconds of the cutting time. This is understood to be a
result of rapid tool wear.

6. Conclusions

Based on the theoretical analyses and experimen-
tal investigations, the following points are concluded.
(1) The tangential motion of the cutting edge in
rotary cutting leads to a reduced cutting temperature,
about 80K in cutting the SiCw/Al composite and 220K
in turning Ti-6A1-4V compared with that of the fixed
circular tool.

(2) Temperature of the cutting edge is cooled down
to the neighborhood of the ambient value after it
transits the cutting zone. This gives the cutting edge a
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periodic thermal impact, which is noticeable in cutting
the materials with low thermal conductivity.
(3) Cutting forces of the rotary tool are found to be
smaller, especially the radial thrust component which
is 30-40% lower, than those of the fixed circular one in
turning of the composite.

Consequently, reduced cutting temperature and
decreased cutting forces are found to be features of
the rotary tool.
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