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Abstract

Cutting temperature is a crucial factor in high-speed machining processes. In 1931, Dr. Carl Salomon proposed the fasci-
nating hypothesis that the cutting temperature increases with the cutting speed to a critical point and then decreases as the
cutting speed continues to climb, which provides a successive impetus for developing high-speed machining technology.
Despite extensive studies over the past several decades, Salomon’s hypothesis has not been fully verified. In this study, a
unique measuring technique was developed, which combines a light gas gun-based ultra-high-speed cutting setup with an
infrared detector-based high-speed transient temperature measuring system. Using this technique, the cutting temperatures
for the most typically difficult-to-cut and widely used Ti-6Al-4V alloy are measured over a broad spectrum of cutting speeds
ranging from 7.5 to 212.6 m/s. The experimental results show that the measured temperature at the tool tip first increases
with increasing cutting speed to a critical point of 125.2 m/s and then decreases as the speed continues to increase, provid-
ing solid evidence for the Salomon’s hypothesis. We further reveal that the tool temperature decreases at ultra-high cutting
speeds stems mainly from less heat generation in the primary shear zone and more heat convection by high-speed chip flow.
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Nomenclature

Thermal diffusivity coefficient of the chip
¢ Specific heat of material

h  Shear band width

Pe Peclet number

t  Tool-chip contact time

to  Uncut chip thickness

T  Temperature

T, Ambient temperature

V  Cutting speed

V. Chip flow speed

V, Shear speed along the PSZ

W Width of the primary shear zone
a  Tool rake angle

ar Thermal softening coefficient
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Strain rate in the primary shear zone

Thermal conductivity of the chip

Strain-rate hardening coefficient

Density of material

The shear stress at the moment of shear instability
Shear angle

Evolution degree of shear band
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1 Introduction

The cutting is one of the most widely used metal processing
techniques for removing unwanted materials [1]. Extensive
studies have been conducted on metal cutting because of its
complex nature and economic importance. The development
of metal cutting is generally aimed at improving processing
efficiency by increasing the cutting speed. However, the high
temperature generated in the cutting process significantly
degrades tool life, machining precision, and power consump-
tion [2]. In 1931, German engineer Dr. Carl Salomon pro-
posed a fascinating hypothesis of high-speed cutting that the
cutting temperature increases with increasing cutting speed
up to a critical point and then decreases as the cutting speed
continues to increase [3]. Nevertheless, this intriguing idea
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is still under debate and has inspired many researchers to
devote extensive efforts to identifying its existence [4-6].

Over the past 90 years, some studies have provided evi-
dence to verify Salomon’s hypothesis. Palmai [7] pointed
out that Salomon’s hypothesis is based on milling and can
be explained by intermittent cutting. O’ Sullivan and Cotte-
rell [8] investigated the newly machined surface temperature
using thermocouples and infrared thermography during alu-
minum turning experiments at cutting speeds ranging from
2.5 and 6.7 m/s. A decrease in the machined surface tem-
perature was observed with the increase in cutting speed.
Chen et al. [9] presented an inverse heat-transfer model
combined with experiments to obtain the workpiece surface
temperature in a high-speed milling aluminum process at
cutting speeds ranging from 3.9 to 23.5 m/s. They found that
a critical cutting speed exists, and the workpiece temperature
decreases when the cutting speed is greater than the critical
speed. Richardson et al. [10] also investigated the workpiece
temperature in the dry milling of aluminum alloy with cut-
ting speeds ranging from 5 to 79.1 m/s. They concluded
that the heat conducted into the workpiece and workpiece
temperature decreased as the cutting speed increased. Jiang
et al. [11] carried out a series of experiments on slot milling
of Ti-6Al-4V with cutting speeds ranging from 8.3 to 29.1
m/s. They reported that the tool temperature first increased
and then decreased as the cutting speed increased.

On the orther hand, the validity of Salomon’s hypothesis
has also been questioned. Komanduri et al. [12] reviewed
their research program and claimed that the chip-tool inter-
face temperature increases with speed, approaching the melt-
ing point of the work material rather than falling off at very
high speeds. Experimental measurements of the tool tem-
perature during high-speed milling of Ti-6Al-4V were car-
ried out by Li et al. [13]. Their results showed that the tem-
perature increased with the cutting speed, and no reduction
occurred at higher speeds. Abukhshim et al. [14] measured
the temperature on the tool-chip contact face during high-
speed turning of high-strength alloy steel at cutting speeds
ranging between 3.3 and 20 m/s. They concluded that the
rake face temperature increased gradually with the cutting
speed. Sutter et al. [15] investigated the temperature fields
during the high-speed cutting of low-carbon steel. They
found that the maximal temperature in the chip increased
continuously with an increase in speed from 10 to 65 m/s,
and the temperature did not seem to tend towards the satura-
tion point.

It is noted from the above review that the cutting tempera-
tures has been defined in many different ways, referring to

workpiece temperature, tool temperature, tool-chip contact
face temperature, and chip temperature. There is still a lack
of a well-defined cutting temperature that directly reflects
the measurement results. Moreover, due to the spindle rota-
tion speed limitation, the cutting speed in previous reports
was relatively low and could not meet the critical point spec-
ified in the hypothesis. In addition, various measurement
methods are used to measure the cutting temperature, includ-
ing contact techniques (e.g., thermocouples [8, 10, 11, 13])
and non-contact techniques (e.g., thermal microscopy [9]
and pyrometers [14, 15]). However, these techniques have
the two main limitations: relatively low spatial resolution
and long response time, which are unsuitable for the tem-
perature measurement in ultra-high-speed cutting processes.
Therefore, there is a strong need to develop advanced and
reliable methods for achieving higher cutting speed beyond
the critical point and measuring cutting temperature.

The main purpose of this study was to explore the validity
of Salomon’s hypothesis. To this end, the ultra-high-speed
cutting device based on a light gas gun with an infrared
detector-based high-speed transient temperature measuring
system was developed to measure the tool temperature in
ultra-high-speed cutting of the widely-used, but difficutlt-
to-cut Ti-6Al1-4V alloy. With this unique experimental
device, the tool temperatures were precisely measured at
cutting speeds ranging from 7.5 to 212.6 m/s. The evolution
mechanism for the cutting temperature was discussed from
the heat generation and convection during the ultra-high-
speed cutting.

2 Materials and experimental setup
2.1 Workpiece material

The workpiece material used in the experiments was the
titanium alloy Ti-6Al-4V, which is widely used in the indus-
try because of its excellent mechanical properties and light
density [16—18]. However, Ti-6Al-4V is a difficult-to-cut
material because of its low thermal conductivity. Ti-6Al-4V
is a typical cutting model material, and its speed threshold
for high-speed cutting is relatively lower than that of other
metallic materials such as copper, aluminum, and steel. The
chemical composition of Ti-6Al-4V is shown in Table 1.
The optical microstructure of Ti-6Al-4V is shown in
Fig. 1. The microstructures are composed of equiaxed o
grains surrounded by a f phase. The workpieces are cut-
ted into rectangles with dimensions of 40X 40 x 2 mm? by

Table 1 Chemical composition
of Ti-6Al1-4V

Elements Al \%

Fe C N H o Ti

wt (%) 5.99 4.2

0.2 0.01 0.004 0.005 0.1 Bal
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Fig.1 The microstructures of Ti-6Al-4V after heat treatment

wire electrical discharge machining. Polishing was always
necessary to obtain a close contact between the workpieces
and tools.

2.2 Ultra-high-speed cutting setup

To achieve the ultra-high-speed cutting, a self-developed
experimental device based on a light gas gun was set up
[19] and is schematically presented in Fig. 2. The actual
experimental setup is shown in Fig. 3. The workpiece
holder is fixed on a Bakelite projectile, which is launched
inside a tube by a 60 mm bore light gas gun. The work-
piece moves with the Bakelite projectile guided in the
launch tube to avoid rotation. A long launch tube (6 m)
allows the projectile to reach a steady high speed. The
velocities are measured using two laser emitter-receiver
pairs placed on the end of the launch tube. The total

weight of Bakelite projectile together with the workpiece
and its holder is 0.7 kg, which can provide sufficient large
kinetic energy to consume in the cutting process. Two
symmetrical tool holders are aligned to cutting platform
at the end of the launch tube. The tools are held in posi-
tion inside the tool holders by means of setscrews. The
cutting thickness can be precisely controlled by adjusting
tool’s position finely using a set of micrometer calipers.
This design of fixed tools is convenient for measuring the
temperature taken from the tool tip. Orthogonal cutting
occurs when the workpiece impacts the tool. After the
cutting is complete, the impact of projectile assembly is
absorbed into a shock absorber. The cutting speed is con-
trolled by adjusting the weight of the projectile and the
pressure of the compressed gas in the gas gun.

In this way, we performed a series of cutting experi-
ments over a wide range of speeds from 7.5 to 212.6
m/s. To the best of our knowledge, this is the highest
cutting speed reported for the Ti-6Al-4V alloy. The cut-
ting thickness (zy) was set to be 200 pm. An uncoated
tool of P10 tungsten carbide material was used in all
the machining process. The tool was designed with the
rake angle (a) 0° and clearance angle 5°. The width of
the tools was 8 mm wider than that of the workpiece.
This design ensures that the workpiece material can be
successfully cut during each cutting process. In order to
minimize the influence of the offset present between the
workpiece and tool’s side face (temperature measurement
point) on the observed temperature, the upper surface of
workpiece is set to align with the side of the cutting tool,
which means that the offset is made as small as possible,
and it can be approximately assumed that the temperature
measured on the surface of the tool is the same as the
actual temperature [20]. New cutting tools were used for
each experiment to minimize the influence of tool wear
on the experimental results.

Fig.2 Diagram of ultra-high-
speed cutting setup based on a
light gas gun. The insert shows
the real projectile assembly

Workpiece holder
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Fig.3 The actual ultra-high-speed cutting experimental setup. The
insert shows the cutting platform

2.3 High-speed transient temperature measuring
system

Non-contact temperature measurement techniques are based
on the fact that infrared radiation is continuously emitted
from any body at the temperature above absolute zero and
that the determination of this infrared radiation provides a
sensitive temperature measurement. During cutting process,
a considerable amount of heat is generated in the primary
shear zone (PSZ) due to the high-strain-rate plastic defor-
mation and in the secondary shear zone (SSZ) due to the
friction between the chip and the tool. As a result, the tool
is heated and emits infrared radiation from its surface. Here,
this emitted infrared radiation is measured using a high-
speed infrared dectector. The cutting temperature is obtained
by a calibration experiment with respect to the measured
infrared radiation expressed as an output voltage from the
infrared dectector.

In this study, the high-speed transient temperature meas-
uring system mainly included an infrared detector, optical
system, and digital oscilloscope, as shown in Fig. 4. A sin-
gle photoconductive mercury-cadmium-tellerium (HgCdTe)
infrared detector was used in this temperature measuring
system. This detector was highly sensitive to the radiation
wavelength in the range 2-13 pm with a response time
of approximately 1 ps. The element of the detector was a
100 100 pm? square located behind a sapphire window in
a liquid nitrogen dewar. This cooled the detector to 77K to
minimize the thermal noise and maximize the sensitivity
of the detectors. The signals passed through pre-amplifier
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Fig.4 The actual high-speed temperature measuring system

and were recorded on a digital oscilloscope. The frequency
response of detector-amplifier combination was nominally
between 10 Hz and 1 MHz. This lower limit frequency
ensured that the system would not be significantly affected
by low-frequency background radiation noise whereas
the upper cutoff frequency corresponded to the detectable
response time of about 1 ps. This system guaranteed a suf-
ficient resolution to measure the transient temperature for
very high cutting speed. It is important to note that the single
infrared detector was performed over a small and finite area
and thus it measured the average surface temperature over
the focused area on the tool tip. It is expected that the small
size of the element will reduce the averaging effect and allow
to achieve an accurate measurement of the temperature of
tool tip during the cutting process.

An ideal optical system for the high-speed transient tem-
perature measuring system will gather 100% of the emitted
infrared radiation from a specified region of the target tool
without distortion. In practice, however, only a fraction of
the infrared radiation can be gathered and some geometric
aberration is inevitable. In this experimental study, a sin-
gle parabolic mirror with a gold coating was chosen as the
optical system. Such gold coating enhanced the reflectivity
of infrared radiation. Meanwhile, the parabolic mirror can
rotate the emitted radiation 90° in order to achieve proper
orientation of the detector. The magnification of the optical
system was approximately 1 so that the size of measurement
area was equal to element size of the detector.

3 Experimental procedure

In order to measure the temperature of the tool tip accu-
rately, careful optical alignment of the system was per-
formed to ensure that the detectors were focused correctly
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on the tool tip. The voltage signal measured from infrared
detector requires calibration to obtain temperature. It is also
necessary to carry out the accurate calibration of the detec-
tor. The methods used to achieve these requirements are
discussed below.

3.1 Alignment and positioning

The positioning of optical system was performed using a
He-Ne laser device and a spectroscope. The laser device pro-
vided a visible and concentrated laser to illuminate the tool
and mark detector. The spectroscope can split a horizontal
laser beam into two vertical upward and downward paths.
During the positioning correction, the laser beam projected
to the spectroscope, and the laser beam was divided into two
beam paths by the spectroscope. Firstly, the downward beam

Parabolic mirror

3-axics precision mount HgCdTe Infrared detector

He-Ne laser

Spectroscope

Tool

Tool [Temperature measuring point

Fig.5 The diagram of the alignment and positioning of the optical
system

Fig.6 The diagram of the
in situ experimental calibration

3-axics precision

mount

Calibration sample | Thermocouple

Holding fixture |

Parabolic mirror

path was used to locate the tip of the cutting tool. Then, the
upward beam path was employed to determine the position
of the infrared detector. The upward beam path was reflected
by the parabolic mirror into a screen mounted on the front
of the infrared detector. A bright spot from the visible laser
was observed on the screen and brought into focus by mak-
ing fine adjustments to the position of the screen. Finally, the
screen was replaced by the infrared detector and the align-
ment was optimized by adjusting the position of the infrared
detector to maximize the detector output signal. The diagram
of alignment and positioning of the optical system is shown
in Fig. 5.

3.2 Calibration

Calibration of the infrared detector is crucial for reliable
and accurate temperature measurement [21]. While it is
possible to obtain a theoretical relationship between the
detector output voltage and the tool temperature, it is dif-
ficult to accurately determine these parameters involved,
such as the surface emissivity as a function of wavelength
and temperature [22, 23]. Therefore, it is necessary to per-
form in situ experimental calibration that provides a direct
relationship between the temperature on the surface of the
tool and the output voltage of the infrared detector. This
approach lumps all these parameters together and takes into
account many unknown factors. Obviously, the conditions
of the experimental calibration should be close to that of
the actual experiment. The schematic diagram of the in situ
experimental calibration is shown in Fig. 6.

A calibration sample was prepared for the same sur-
face finish and kept at the same position as the actual test
sample. A K-type thermocouple inserted into a small hole
near the edge of the calibration sample. A minimal amount
of thermal conductive paste was applied to the tips of the
thermocouple to ensure good thermal contact between the

Infrared detector

;;C\hopper wheel

Pre-amplifier
) e

Rotating [ Wﬂ l E

110111 31 e
Temperature indicator
Digital oscilloscope

Heating gun
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Fig. 7 A typical chopped output voltage signal from the calibration

thermocouple and the calibration sample. The calibration
sample was heated by a heating gun. During the heating
process, a shield was placed between the specimen and the
optical system. This is necessary to ensure that the optical
system was not damaged by the direct heat from the heat-
ing gun. This is also required to make sure that the opti-
cal system itself was not heated, because this will bring an
unwanted error signal to the detector. The calibration sample
was heated to about 1200 °C and the heating gun was moved
away from the experimental setup. As the sample cooled
down, the shield was removed and the digital oscilloscope
is triggered to start recording temperature data of thermo-
couple and output voltages of infrared detector simultane-
ously. Because the infrared detector was unable to measure
constant or slowly changing radiation signal, a chopper was
located between the optical system and the infrared detector
to produce a pseudo AC signal. The calibration experiments

Raw data
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Fig.8 The calibration curve of the infrared detector for the tool material
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Fig.9 The infrared detector output voltage signals of the ultra-high-
speed cutting experiments under different cutting speeds

were repeated multiple times to ensure repeatability of the
results.

The signal of infrared detector during the calibration was
recorded as the peak-to-peak voltage of the chopped signal.
A typical chopped output voltage signal from the calibra-
tion is shown in Fig. 7, illustrating the different stages of
data collection during the calibration. A nonlinear ramp was
obtained because the chopped beam was circular. When the
chopper passed through the center of the infrared beam, the
rate of change of infrared radiation intensity entering the
detector reached the maximum, corresponding to the maxi-
mum slope in regions (a) and (c). When the beam was either
completely transmitted through the chopper or completely
blocked by the chopper, infrared radiation intensity was
approximately constant and the signal was effectively DC,
corresponding to the top or bottom of the pulse in regions (b)

1200
—7.5mls
—64.5m/s
1000 —8.3mls
125.2m/s
800 ——161.2m/s
—212.6m/s
-

600

400

Cutting temperature (C)
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Fig. 10 The cutting temperature evolution of the tool tip under differ-
ent cutting speeds
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Fig. 11 The maximum cutting temperature located in the tool tip

and (d). Once the calibration was accomplished, the chopper
was no longer required because continuous changes in tem-
perature produce a transient response of the infrared detector
during the actual ultra-high-speed cutting experiments.

hear fracture
sulrface

Tool-chip
interface

Shear fracture
su;face

Tool-chip
interface

\ Chip root
Free surface

Fig. 12 Microstructures of shear fracture surface and the tool-chip
interface at different cutting speeds. Shear fracture surface: a V =
645 m/s; b V=883m/s;c V=1252m/s;d V=161.2m/s;e V=

The calibration experimental data of the infrared detec-
tor for the tool material is plotted in Fig. 8. In the present
study, a third-order best-fitting curve of the calibration data
was obtained. It should be noted that calibration experi-
ments were carried out only for original tools and not for
worn tool after the cutting experiment. Because the tools
are sufficiently rigid compared to the workpiece, the tool
did not show any significant deformation. Hence, the effects
of change in surface condition (as a result of deformation)
are negligible.

4 Results and discussion
4.1 Experimental results of the cutting temperature

A series of ultra-high-speed cutting experiments were
conducted to obtain the tool temperature using an infrared
detector versus cutting speeds. The dynamic characteris-
tics of the cutting temperature in ultra-high-speed cutting
of Ti-6Al-4V alloy were studied at various cutting speeds.
Figure 9 shows the infrared detector output voltage signals

Shear fracture
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Tool-chip
interf‘ace

Shear fracture
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Chip root
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212.6 m/s; tool-chip interface: f V=64.5m/s; g V=883 m/s; h V=
1252 m/s;1 V=161.2m/s;j V=212.6 m/s
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Table 2 Thermo-mechanical properties and parameters of Ti-6A1-4V
[32, 33]

Parameters Value Parameters Value
p(kg m™) 4430 7™ 1.73x107°
a,(m?s™h 2.22x107° 7,(MPa) 2139.7

2 (W m 'K 6.6 Ty(K) 293

cd kg ' K™ 670 a (K™ 6.5x107*
»(°) 45 EPas™h 0.75

of the ultra-high-speed cutting experiments under different
cutting speeds 7.5, 64.5, 88.3, 125.2, 161.2, and 212.6 m/s.
The infrared detector output voltage signals are converted
into temperatures by utilizing the calibration curves shown
in Fig. 10. The influence of the cutting speed on the maxi-
mum cutting temperature located in the tool tip is analyzed.
Figure 11 shows that the measured maximum temperature at
the tool tip first increases and then decreases with increasing
cutting speed. The cutting temperature of the tool increased
noticeably to a peak point of 1034 °C as the cutting speed
increased to a critical speed of 125.2 m/s. When the cutting
speed exceeded this critical speed, the temperature decreased
as the cutting speed continued to increase. Interestingly, this
experimental result is consistent with the Salomon’s hypoth-
esis [3].

We performed at least three independent experiments for
each cutting speed to obtain averaged cutting temperature
with reliable error bars, shown in Fig. 11. The sources of
error in the cutting temperature measurements have numbers
of components: the emissivity, the fluctuation, the calibra-
tion, and others issues. The emissivity is usually identified
as the major error source [24]. The emissivity is related to
change in the surface finish due to plastic deformation and
oxidation. Since the strength and hardness of the tool mate-
rial are far greater than those of the workpiece material, the
tool can be considered as a rigid body without significant
plastic deformation during the cutting process. Moreover,
oxidation does not have enough time to form because the
cutting happens in a very short time on the order of hun-
dreds of microseconds. In our experiments, the tools do not
show any obvious coloration after each experiment. Thus,
the effect of the change in emissivity is negligible. The fluc-
tuation is expected to be a large contributor to uncertainty
in the cutting temperature. The fluctuations occur when the
workpiece impacts the tool in high speed during the cutting
process. These may be the slight movements in surface of
the tool that cause some defocusing of the optical system.
The contribution of this error is found to be approximately
2% [24]. The error in the calibration is from unwanted radia-
tion that is not present during actual cutting experiments.
While the calibration sample is heated during the calibra-
tion process, the atmosphere around the calibration sample
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Fig. 13 The tool-chip contact time with different cutting speeds in the
ultra-high-speed cutting

and the apparatus near the sample may also become heated.
This will add to the radiation transmitted into the infrared
detector. In the case of actual experiments, the surrounding
atmosphere and apparatus are not heated significantly. The
error due to calibration is less than 0.2% [25].

4.2 Effect of deformation state on cutting
temperature

The transition of chip flow from continuously serrated to dis-
continuously fragmented was observed with increasing cut-
ting speed to an ultra-high-speed level [26-28]. To explore
the factors influencing the cutting temperature transition,
chips at a cutting temperature near the maximum tempera-
ture were selected and evaluated using a scanning electron
microscope (SEM). The microstructures of the shear fracture

zone

Heat flow due
to conduction Secondary shear

zone

Workpiece

Fig. 14 Schematic diagram of heat generation zone and heat flows in
the ultra-high-speed cutting
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speed cutting

surfaces and the tool-chip interface of the segmented chips
are shown in Fig. 12. At V=64.5 m/s, elongated dimple
structures are visible on the shear fracture surface (see
Fig. 12a). This indicates that ductile shear fractures domi-
nated the fragmented chip formation. Severe plastic defor-
mation occurred, and a large amount of plastic work was
converted into heat in the PSZ before chip fracture. Increas-
ing the cutting speed to much higher values (V = 88.3, 125.2,
161.2, 212.6 m/s), the elongated dimples decrease while
smooth areas increase (see Fig. 12b—e). This demonstrates
the existence of a ductile-brittle transition during chip frac-
ture [29, 30]. Therefore, the plastic shear deformation in the
PSZ was restrained and the generated heat was reduced at a
higher speed, leading to a decrease in the tool temperature.

Moreover, at V = 64.5 m/s, the molten droplets can be
clearly observed on the tool-chip interface, as shown in
Fig. 12f. The molten droplets are resulted from high tempera-
ture rise caused by the severe tool-chip friction. As the cut-
ting speed increases to a higher level (V = 88.3, 125.2, 161.2,
212.6 m/s), the molten droplets gradually decreases until it
disappears, but the flow traces of liquid chip materials become
more visible on the tool-chip interface (see Fig. 12g—j). The
tool-chip friction becomes more severe at higher cutting speed,
and chip materials across the entire tool-chip surface melt [31].
Then, the flow traces of melted chip materials are left on the
tool-chip interface after the chips separate from the rake face
of tool. This indicates that the friction between the tool and
chip in the SSZ was enchanced, and the generated heat was
increased at a higher speed, leading to a tool temperature rise.

4.3 Effect of tool-chip contact time on cutting
temperature

As mentioned in Section 4.2, the chips evolve from continu-
ously serrated to fragmented when the cutting speed reaches an

ultra-high-speed level. Fragmented chips are rapidly removed
due to their high kinetic energy and separated from the tool.
The fragmented chips resulted from a brittle fracture in the
PSZ. Thus, the tool-chip contact time # was determined by the
evolution time of the shear band deformation in the PSZ. Using
the momentum diffusion-based shear band evolution model
[32-34], the tool-chip contact time is derived as

1 —a;T,
otV 4k _ 248V, (D

2pch 32 h37,

where V, is the shear speed along the PSZ,
V.= Vcosal cos (¢ —a).

The width of PSZ (W) is set to be 1/10 of the uncut chip
thickness, and the shear band width /4 is given by the follow-
ing expression [32, 35]:

h=yx-W 2)

The degree of shear band evolution y used in Eq. (2) can
be expressed as follows [32]:

£ =0.160x (7/10°)*”,0 < 7 < 1.5x 10° (3a)

x =0.208+0.03 % (7/10° = 1.5),7 > 1.5 x 10° (3b)

where 7 is the strain rate in the PSZ, ; = v cos a/1 cos (¢ — a)1-

The thermo-mechanical properties and parameters used
to describe the behavior of Ti-6Al-4V are listed in Table 2
[32, 33]. The variation in the tool-chip contact time with
the cutting speed is shown in Fig. 13. The tool-chip contact
time decreased as the cutting speed increased. This indicates
that there is less time for the heat generated by all the heat
sources, especially the friction heat source transferred to
the tool. As a result, the heat transferred along the tool-chip
interface at high cutting speeds enters the tool much less,
making the tool temperature lower than that at low cutting
speeds.

4.4 Effect of material convection on cutting
temperature

Heat generation occurred mainly in the PSZ and the SSZ dur-
ing the cutting process [36]. In the PSZ, the heat due to shear
plastic deformation may transfer to the chips by convection
and to the workpiece by conduction [37]. Heat is generated
in the SSZ owing to the friction between the chip and the tool
rake face at the tool-chip interface, which flows to the chips
due to convection and to the tool due to conduction [37].
The heat generation zone and the directions of heat flows in
the ultra-high-speed cutting are shown in Fig. 14. Therefore,
there are two competitive mechanisms of the heat transfer:
conduction that diverts part of the heat from heat generation
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zone into workpiece or tool and convection that brings part
of this heat into chips due to its high-speed motion.

Material convection induced by high-speed chip flow
rapidly removes material from the PSZ, which carries heat
and momentum outwards from the PSZ [32]. The Peclet
number, which is widely used in the thermal analysis of
cutting systems subjected to moving heat sources [32, 38],
was used to investigate the effect of material convection on
the cutting temperature. In metal cutting, it is expressed
as:

“

where V, is the chip flow speed, V.= Vsing/ cos (¢ —a).

The Peclet number is a dimensionless similarity number that
characterizes the ratio between material convection and thermal
conduction. When cutting speed is increasing, Pe becames large
and most of the heat generated in PSZ is transferred through
convection into chips compared to a fraction of heat into the
workpiece. Correspondingly, more heat is diverted from SSZ
into chips due to convection than conduction into the tool which
is fixed relative to the frictional heat source [38, 39]. Increasing
the cutting speed and uncut chip thickness increases the Peclet
number Pe, and Pe can be significant when the cutting speed
is sufficiently high. Figure 15 shows the variation in the Peclet
number at different cutting speeds during ultra-high-speed cut-
ting. It is clear from Fig. 15 that the Peclet number increased
with increasing cutting speed, correspondingly, more cutting
heat is taken away by chip flow through material convection
at a higher cutting speed. The tool was not sufficiently heated,
and the temperature of the tool was restricted. Consequently, the
tool temperature was lower at higher cutting speeds, consistent
with the previous discussion.

5 Conclusion

In this study, a novel infrared detector-based high-speed
transient temperature measuring system combined with a
light gas-gun-based ultra-high-speed cutting device was
developed. The cutting temperatures for cutting Ti-6Al-4V
alloy were measured over a broad spectrum of cutting speeds
ranging from 7.5 to 212.6 m/s. The measured temperature at
the cutting tool tip first increased and then decreased with
increasing cutting speed, consistent with the Salomon’s
hypothesis. The underlying mechanism of this temperature
evolution was unveiled. The major conclusions drawn from
this study are as follows.

1) The present ultra-high-speed cutting experiments show

that the temperature at the tool tip first increases and
then decreases with increasing cutting speed from 7.5

@ Springer

to 212.6 m/s. This study provides valuable experimental
evidence for verifying the Salomon’s hypothesis.

2) Based on the microstructures of the shear fracture sur-
face of the fragmented chips, the plastic shear deforma-
tion in the PSZ was restrained, and the generated heat was
reduced, which led to a decrease in the tool temperature.
From the microstructures of the tool-chip interface of the
fragmented chips, the tool-chip friction in the SSZ was
enchanced, and the generated heat was increased at a
higher speed, leading to a tool temperature rise.

3) The tool-chip contact time decreased as the cutting
speed increased. There is not enough time for the heat
generated by all heat sources to transfer into the tool.

4) With an increase in cutting speed, the material convection
effect is enhanced. More heat was effectively carried away
by the high-speed chip flow through material convection.

5) Combined with the heat generation, the tool-chip contact
time decreases, and the material convection effect, vari-
ation trend of the tool temperature verify the Salomon’s
hypothesis.
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